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Chapter 1
Introduction
1.1 Motivation
A prominent part of modern day Atomic, Molecular and Optical (AMO) physics
encompasses the study of matter-matter and light-matter interactions at a tem-
perature almost a million times lower than the room temperature. The lowest
temperature limit is tested everyday and pushed towards the limit of absolute
zero. This active and dynamic field of low temperature AMO physics, more com-
monly known as “Ultracold Physics”, has received four Nobel Prizes and much
attention in the last 15 years, starting with the Nobel Prize in physics in 1997,
awarded to Steven Chu, Claude Cohen-Tannoudji and William Phillips for laser
cooling and trapping. The field has grown faster and broader ever since impacting
various areas of physics and chemistry ranging from ultracold chemical reactions
and collisions [1], to many body physics [2], precision measurements and quantum
computation [3], along with traditional atomic and molecular spectroscopy.
If the movements of the atoms and/or molecules are slowed to a complete
1
2halt, the ability to control and manipulate them increases significantly. This allows
scientists to harness the quantum mechanical states of the atoms and molecules
which opens new doorways of research [4,5]. Ultracold particles may soon be used
to make quantum supercomputers, extra-sensitive measuring devices, navigation
systems, and even models of the early universe. All in all, ultracold physics is
moving incredibly fast and the best is yet to come.
This thesis focuses on the study of ultracold heteronuclear alkali dimers,
specifically the KRb molecule. Ultracold KRb molecules, with a dipole moment
of 0.66 Debye in the lowest rovibronic level, have been a popular choice among the
AMO community. The presence of a molecule-fixed electric dipole moment in the
absolute rovibrational ground state (v′′ = 0, J ′′ = 0) makes external control over
the motion and internal quantum state very convenient. This thesis presents a
small yet fruitful effort in the big venture of formation, detection and manipulation
of ultracold KRb molecules [6–8], concentrating on a simple single step process
for formation of ultracold KRb molecules in the lowest vibrational ground state,
along with extensive spectroscopy for mapping out the structure of the molecule.
1.2 Methods for Production of Ultracold Molecules
There are several popular methods for forming ultracold molecules which can be
broadly classified into two categories, direct and indirect. The direct methods
involve cooling hot molecules to produce ultracold molecules. Indirect methods
3involve production of ultracold molecules starting from ultracold atoms. The most
direct method is laser cooling of hot molecules. However this is still a budding
field of research, in which the first successful results have only recently been pub-
lished [9]. Two other common direct methods are buffer gas cooling and Stark
deceleration. The main caveat of using direct methods to cool molecules is, al-
though the molecules are in their ground state, the temperatures achieved are
relatively high. The indirect methods address this problem by starting from cold
atoms that are laser cooled and hence are already ultracold. The two most com-
mon indirect methods of ultracold molecule formation from ultracold atoms are
photoassociation (temperature ∼100 µK) and magnetoassociation (temperature
∼100 nK). One disadvantage of these indirect methods is that the molecules thus
formed are in high vibrational levels of the ground or metastable electronic states
that do not possess appreciable permanent dipole moments and readily undergo
collisions which release substantial kinetic energy compared to the trap depth.
Another is that only a very limited range of molecules, primarily alkali dimers,
has so far proved amenable to this approach.
1.2.1 Laser Cooling of Molecules
Laser cooling of atoms has proven to be very fruitful in AMO physics research.
However, the laser cooling of molecules is complicated since it is far more difficult
to realize an effectively closed two-level cyclic transition than for atoms. However
4extensive research efforts on direct laser cooling of molecules are underway, e.g.
for YO at JILA, and for SrF at Yale. But it is important to remember that a
general laser cooling method for production of a high density of cold molecules
might still not be available in near future.
1.2.2 Buffer gas cooling
Buffer gas cooling has been pioneered by Prof. John Doyle of Harvard Univer-
sity [10] and has since served as a powerful method for producing cold, slow-
moving molecules. The basic principle of the experiment involves thermalization
of molecules with a cold helium or neon buffer gas. The main advantage of this
method is the applicability to virtually any molecule. Moreover, buffer gas cooling
is a true cooling method, providing actual cooling of the translational, vibrational
and rotational degrees of freedom. However, the main disadvantage of the method
is the temperature limit. Also the technical complexity of the apparatus grows
rapidly as the temperature is decreased.
1.2.3 Stark deceleration
Stark deceleration is a popular technique of cooling down polar molecules by
controlling their motion using an inhomogeneous electric field. This method was
first successfully demonstrated in the Netherlands by Prof. Gerard Meijer’s group
[11]. The basic experimental setup involves a molecular beam which propagates
5along variable-voltage electrodes. Each electrode stage removes a small amount
of kinetic energy as the molecules are slowed. This method also suffers from the
same disadvantage of the temperature limit which is not sufficiently low.
1.2.4 Photoassociation (PA)
Photoassociation is a very popular technique for the production of ultracold
molecules starting from laser cooled atoms by associating two colliding atoms
using photons to form molecules. PA spectroscopy has been very versatile in its
applications and has been demonstrated both for homonuclear [12–14] and het-
eronculear [8,15–18] alkali dimers. Since it starts with cold atoms, the usual tem-
perature of the molecules formed by this method is a few hundred µK. However,
PA is usually a long-range phenomenon and tends to form molecules primarily in
the higher vibrational levels of the ground state. The current thesis focuses on the
utilization of this same technique for production of the lowest vibrational levels
of the ground state of ultracold KRb molecules.
1.2.5 Magnetoassociation (MA)
Utilizing Feshbach resonances in cold atomic physics, predicted by Prof. William
Stwalley of University of Connecticut [19], it is possible to produce ultracold
molecules in very high vibrational levels with extremely low temperature (in the
regime of nK). The basic principle of this method is to sweep the magnetic field
6through the Feshbach resonance adiabatically and form a molecular state out
of two atomic states. This sweep changes the positive collision energy of two
free atoms into the negative binding energy of a weakly-bound molecular state.
The molecules thus formed in higher vibrational levels can then be transfered to
the absolute ground state using Stimulated Raman Adiabatic Passage (STIRAP)
[20,7].
1.3 Methods of Production of Ultracold Polar Molecules in the
Absolute Ground State
Production of ultracold polar molecules in the absolute ground state have enjoyed
extensive attention from researchers for many years now. Methods of production
of these ultracold polar molecules in their absolute ground state at a temperature
below mK can be broadly divided in two distinct categories: 1) PA or MA followed
by stimulated Raman transfer and 2) Direct PA followed by spontaneous emission.
This section deals with a comparative discussion of the merits/demerits of these
two methods, mainly in the context of producing alkali dimer molecules.
1.3.1 PA or MA followed by stimulated Raman transfer
The basic principle of this method involves transferring a sample of weakly bound
molecules in a selected high rovibrational level of the ground X -state or metastable
a-state, by STIRAP, to the absolute ground state. To accomplish this, the atoms
7are first prepared with ultracold temperatures and high densities, which are then
converted to a weakly bound molecular state either by MA [6,21] or PA [7]. These
weakly bound molecules are then coherently transfered to the absolute ground
state by STIRAP, requires two lasers with extremely narrow linewidths to exe-
cute the two steps of the transfer process. In some cases, a simple two-step process
does not work efficiently and a four-step process involving four extremely narrow
bandwidth lasers is required [22]. The main advantage of this method is its ability
to form a pure quantum state with an appreciable efficiency. However, this com-
plicated STIRAP transfer process is not continuous and the number of molecules
formed in the ground state is dependent on the efficiency of the transfer process
along with the requirement of multiple narrowband lasers for execution.
1.3.2 Direct PA followed by spontaneous emission
This method relies on the popular technique of PA, which when paired with radia-
tive decay has served as a very useful tool for producing ultracold molecules, nor-
mally in the highest vibrational levels of the electronic ground or lowest metastable
state [23]. However, it is possible to enhance the formation of ground-state
molecules in vibrational levels far below the dissociation limit using the same PA
process, in two scenarios: 1) PA to a rovibrational level of a “resonantly coupled”
excited electronic state with a radial probability distribution that includes both a
long-range peak and a short-range peak and 2) PA to a short-range state. A prob-
8lem with the second case is the efficiency of the PA process, which is usually greatly
reduced when the detuning from the atomic asymptote is large. This method of
direct PA followed by radiative decay [24–26] is a simple, single step, continuous,
irreversible process of converting the ultracold atoms in a Magneto-Optical trap
(MOT) to ultracold molecules in the absolute ground state. However, since the
method relies on spontaneous decay, the formation of ground state molecules is
not restricted to a particular quantum state and there is sometime a need for
further purification of the sample to get rid off the molecules in unwanted levels.
1.4 History of KRb in the absolute ground state
As mentioned before, KRb has enjoyed the status of being a very popular molecule
for study by the AMO physics community. The 41K87Rb and 40K87Rb species of
this molecule have been successfully formed in their absolute ground states using
STIRAP transfer. However, for 40K87Rb [20,6] the first step of molecule formation
has been MA while for 41K87Rb [7] it has been PA. In this section I give a brief
overview of these two methods.
The production of 40K87Rb species in its absolute ground state has been
performed in Prof. J. Ye and Prof. D. Jin’s group at JILA, Boulder, USA [20,6].
The starting point is a near quantum degenerate gas of 40K and 87Rb trapped in
an optical dipole trap. The magnetic field is then adiabatically swept across a
Feshbach resonance at 546.7 G which produces 104 barely bound molecules in the
9metastable a-state. Once the weakly-bound molecules are formed, they undergo
Raman transfer via an intermediate excited state to the absolute ground state.
These three levels are coherently coupled by two laser fields which are individually
phase locked to a femtosecond optical frequency comb. The intermediate level is
the v′ = 23, J ′ = 1 level of the 2 3Σ+ state, which has enough singlet-triplet mixing
to provide an appreciable efficiency for the transfer of the molecules from the a-
state to the X 1Σ+, v′′ = 0, J ′′ = 0 state. The two coupling laser wavelengths are
at 970 nm and 690 nm. The one-way transfer efficiency is reported to be 84%.
The production of the 41K87Rb species in their absolute ground state has
been performed in Prof. S. Inouye’s group at University of Tokyo, Tokyo, Japan
[7]. The starting point is a dual species MOT of 41K and 87Rb with densities of
2 x 1011 cm−3 and 4 x 1011 cm−3 respectively. The atoms from the MOT are
then photoassociated to form molecules in X 1Σ+, v′′ = 91 level. These molecules
then undergo two photon STIRAP transfer to the X 1Σ+, v′′ = 0, J ′′ = 0 level via
3 1Σ+, v′′ = 41, J ′ = 1 intermediate level. Note that this method demonstrates
an all-optical association of ultracold atoms to form ultracold molecules in the
absolute ground state. The laser wavelength required for the Raman transfer
are at 875 nm and 641 nm and are generated from two diode lasers locked to a
master laser. The master laser employs an ultralow expansion cavity with a dual
wavelength coating. Another pair of lasers running at the same frequency is locked
to the master laser by an optical phase-lock loop and are used for the experiment.
10
The production rate of the absolute rovibrational ground state is ∼104 s−1 with
a one-way transfer efficiency of 73%.
1.5 Outline of this thesis
The main focus of this thesis is the production of 39K85Rb molecules in the lowest
vibrational level of the ground state using PA paired with radiative decay and
utilizing resonant coupling between specific vibrational levels in the excited state.
The thesis is organized in the following way,
Chapter 2: The Machine – This chapter discusses the basic principles and layouts
of our experimental setup. It starts with a background discussion of laser cool-
ing and trapping followed by discussion of MOTs and specifically 39K and 85Rb
MOTs. The rest of the chapter consists of discussions on formation and detection
of ultracold molecules along with the specific details concerning my experiments.
Chapter 3: Production of the Lowest Vibrational Levels of the Ground State
– This chapter discusses the results on the production of the lowest vibrational
levels of the ground state of KRb by utilizing a specific vibrational level coupling
between the 2(1) and 4(1) excited states. It is based largely on Ref. [8]. The
chapter starts with a general discussion on resonant coupling and the possibility
of direct PA formation schemes for various heteronuclear alkali dimers. The rest
11
is the discussion on the results specific to KRb.
Chapter 4: Spectroscopy of the 3 3Π Excited State – This chapter deals with the
spectroscopy of the 3 3Π excited state, and follows Ref. [27]. This chapter starts
with a general discussion on angular momentum couplings and diabatic/adiabatic
potentials. Following that is the discussion on the modified potentials of 3 3Π
state. The rest of the chapter discusses the spectroscopic details of this particular
excited state.
Chapter 5: Spectroscopy of the 3 3Σ+ Excited State – This chapter deals with
the spectroscopy of the 3 3Σ+ excited state of KRb. It contains spectroscopic in-
formation and supporting theoretical calculations for this state. The contents in
this chapter is based on Ref. [28]
Chapter 6: Conclusion and Outlook – This chapter summarizes the results pre-
sented in this thesis. Along with that is a general discussion about the future
directions towards which this research is headed.
Last but not the least Figure 1.1 shows the low-lying ab initio potential
energy curve of 39K85Rb [29] which is used for all our experiments.
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Fig. 1.1: Ab Initio potential energy curves of KRb molecule calculated by
Rousseau et al. [29].
Chapter 2
The Apparatus
This chapter describes the details of the experimental apparatus used for the re-
sults reported in this thesis. It begins with a general discussion of laser cooling and
trapping, followed by discussion of the heart of our experiments, “The MOT”. The
next section discusses the formation and detection of ultracold molecules and is
subdivided into several subsections. I start the discussion with “Photoassociation”
(PA), the method for forming ultracold molecules used in the experiments de-
scribed in this thesis. Following that is the discussion on the techniques for de-
tection of ultracold molecules, specifically, “Resonance Enhanced Multiphoton
Ionization” (REMPI). Finally, I outline the general steps of a typical experiment
including the corresponding laser requirements, and conclude with a short discus-
sion of specific spectroscopic techniques that are utilized in this thesis.
2.1 Laser Cooling and Trapping
Laser cooling and trapping refers to the utilization of lasers to cool atoms down
to very low kinetic temperatures (sometimes well below single photon recoil en-
13
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ergies) and to hold samples of a gas isolated in the middle of a vacuum system
for a long periods of time. This unique level of control of atomic motion has
allowed researchers to achieve new regimes of matter which manifest strong quan-
tum behavior such as Bose-Einstein condensation and Fermi degeneracy. One
characteristic of optical control of atomic motion is that the speed of atoms can
be reduced by a considerable amount utilizing resonant laser light. Since the
spread of velocities of a sample of atoms is directly related to its temperature,
this field of physics research has been named as laser cooling [30].
The primary force used in laser cooling and trapping is the recoil when
momentum is transferred from photons scattering off an atom. When an atom
absorbs light, it stores the energy by going into an excited state, it stores the
momentum by recoiling from the light source with a changed momentum and
it stores the changed angular momentum in the form of internal motion of its
electrons. The converse applies during emission. The momentum kick that the
atom receives from each scattered photon is quite small (a velocity of ∼ few cm/s).
However, by exciting a strong atomic transition, it is possible to scatter more than
107 photons per second and produce a large total velocity change. Proper control
of this velocity change constitutes an optical force that can be used to bring the
atoms in a sample to a velocity near zero (“slowing and cooling”), and hold them
in a very small region (“trapping”).
The cooling is achieved by making the photon scattering rate velocity-
15
dependent using the Doppler effect. If an atom is moving in the field of two
oppositely directed laser beams of the same frequency, intensity, and opposite
circular polarization, the net radiative force from each beam is, given by,
~F± = ±
h¯~kγ
2
I/I0
1 + I/I0 + [2(δ ∓ kv)/2]2
, (2.1)
where, ~k is the velocity vector, v is the velocity of the atoms, γ is the natural
linewidth of atomic transition, I is the intensity of the laser beam, I0 is the
saturation intensity and δ is the detuning.
If the atom is moving in a laser beam, it will see the laser frequency shifted
by an amount given by equation 2.2
δ = −(v/c)νlaser (2.2)
where v is the velocity of the atom along the direction of the laser beam and νlaser
is the laser frequency. If the laser is tuned below the atomic resonance the atom
will scatter photons at a higher rate if moving toward the laser beam (v negative)
since the laser frequency will then be Doppler shifted more closely to resonance in
the atomic rest frame. Similarly the light in the beam moving parallel to the atom
will be shifted further away from resonance. The net effect is a large damping
force on the atoms for the velocity component along the laser axis. If three pairs
of counterpropagating laser beams impinge on the atom from all six directions,
the movement of the atom can be restricted in all three dimensions resulting in
a collection of cooled atoms. This arrangement of laser fields is often known as
16
“optical molasses”.
2.2 The Dual-Species MOT
As discussed in the previous section, optical molasses will cool atoms. However,
the atoms will still diffuse out of the region if there is no position dependence to
the optical force. Position dependence can be introduced in a variety of ways.
In this section I discuss the method used for obtaining a “magneto-optical trap”
(MOT) [30].
As the name suggests, the MOT is a hybrid trap employing both magnetic
and optical fields. The position dependence of the radiative force is provided
by two coils in an anti-Helmholtz configuration, as shown in Figure 2.1. If the
z direction is the symmetry axis through the center of the coils, the magnetic
field along the z -axis near the middle of the arrangement can be described as
B = bz, where the constant b depends on the size of the coils. The optical field for
the MOT is provided by six laser beams red-detuned from the atomic resonance,
where the counter-propagating beams are oppositely circularly polarized.
To explain of the physics behind the MOT, consider a two level atom with a
ground state denoted by J = 0, an excited state denoted by J = 1, and an atomic
resonance frequency ω0. Due to the presence of the magnetic field provided by
the anti-Helmholtz coils, the J = 1 state splits into three Zeeman components,
Me = +1, 0,−1. Let us first consider only the ±z-direction for ease of discussion,
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Fig. 2.1: Schematic representation of the anti-Helmholtz coil configuration for
magneto-optical trapping and the resultant magnetic fields. At the
center | ~B| = 0 and the field gradually increases as one moves away
from the center in any direction.
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where the laser beam in the +z direction is σ+ polarized while in the −z direction,
it is σ− polarized. In this arrangement, three possible cases will occur for an atom
at rest.
1) Atom at z = 0: The magnetic field is zero; hence the absorption rates are equal
for both laser beams.
2) Atom at z > 0: The σ− beam is preferentially absorbed since the frequency
difference ωL − ω0, taking the atom to Me = −1, where ωL is the laser frequency,
is smaller than for the σ+ beam due to the Zeeman shift. This results in a net
momentum in the −z direction.
3) Atom at z < 0: The σ+ beam is preferentially absorbed resulting in a net force
in the +z direction.
The net effect of the above scenarios is that the atoms in the MOT experi-
ence a restoring force directed towards the trap center. Extending the discussion
from 1D to 3D, the atoms in the MOT undergo simultaneous compression and
cooling in all the three directions, resulting in a dense cloud of cold atoms at the
center of the trap.
The typical density of an atomic cloud trapped in a MOT is ∼1010 cm−3.
It is hard to exceed this density in a Rb or K MOT due to two limiting processes:
1) inelastic collisions between the ground and excited state atoms result in trap
loss because of the transformation of the excitation energy into kinetic energy and
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2) there is an effective repulsive force between atoms caused by reabsorption of
scattered photons. So at an optimal atomic density the outward radiation force
is balanced by the confining trapping force. This results into a situation where
there is no further increase of the density of the atomic cloud with the increase of
the total number of atoms trapped in the MOT. To overcome this density limit
Ketterle et al. in 1993 [31] suggested a very clever but simple technique known as
“ Dark Spontaneous force Optical Trap” or in short “dark SPOT”.
An ordinary alkali atom MOT is usually maintained by two sets of laser
frequencies. One is the “Trap” laser which maintains the cycling transition and is
the primary laser involved in cooling and trapping. However, the cycling transition
is not a completely closed loop and there is always a probability that a fraction
of the atoms will leak into the unwanted state (the “dark” state), since it will
then not be excited by the trap laser. However, to prevent the optical pumping
of the atoms to the dark state, the frequency of another laser is required. The
role of this other “repump” laser is to pump atoms out of the dark state. Now
in the “dark SPOT”, the idea is to keep the center of the MOT devoid of any
repump light, by placing a circular opaque disk at the center of the repump beam.
Thus the atoms at the center of the MOT are pumped into the dark state and
are protected against interaction with the trap laser. Hence, a higher density
is achievable at the center of the MOT as both the reabsorption repulsive force
and the light-assisted collisions are suppressed. The dark SPOT requires a bright
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capturing region (where both trap and repump beams are present) separated from
the dark trap. This bright region is provided by the outer sphere of the circular
opaque disk which serves as the physical dark spot mentioned previously.
My experiments employ a dual species MOT of 39K and 85Rb in the spatial
“Dark SPOT” configuration, overlapped at the center of the vacuum chamber. In
Figure 2.2 the ultrahigh vacuum chamber used for our MOTs and experiments is
shown. In the next two sections, I will discuss the details for achieving these two
particular MOT systems.
2.2.1 The 39K MOT
The trap laser for 39K is required to be at a wavelength of 766.7 nm with a
linewidth of ∼1MHz. This frequency is obtained from a home-built external
cavity diode laser (ECDL) system with a Littrow grating, stabilized to a saturation
spectrometer.
To reach the wavelength of 766.7 nm ( 13042.89 cm−1) using a 50 mW,
∼780 nm commercially available Fabry-Perot laser diode (which ranges from 780-
785 nm), by cooling the whole ECDL assembly to ∼−35 oC. This temperature
is achieved by a pair of thermoelectric coolers (TEC) and a closed-loop of water
chiller at 10 oC. The temperature of the cold water is maintained by an air-
cooled chiller. The temperature of the ECDL is stabilized by a home-built PID
(Proportional-Integral-Derivative) feedback loop to the TECs. Further frequency
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Fig. 2.2: The picture of the ultrahigh vacuum chamber used in this experiment.
The dashed arrows indicate the windows used by the trap and repump
laser beams for maintaining the MOT. The checkered arrow indicates
the window used by the photoassociation and ionization laser beams.
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Fig. 2.3: Hyperfine energy level diagram of 39K.
stabilization is achieved by implementing a low noise current driver. The trap
laser is then locked to a saturation spectrometer using a dither-locking technique
[32].
For 39K the total hyperfine splitting of the excited state (see Figure 2.3) is
only 33.5 MHz and is thus very hard to resolve with a saturation spectrometer.
Hence the trap laser is detuned with respect to the whole excited state hyperfine
structure as shown in Figure 2.3. The ground state hyperfine splitting for 39K
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is just 461.7 MHz. So to acquire the repump frequency for the MOT we double
pass a fraction of the trap laser beam through an Acousto-Optical Modulator
(AOM) to achieve the aforementioned frequency difference. Note that both the
trap and repump lasers are detuned below all the hyperfine levels in the excited
state. Hence the detuning is quite large in comparison to other alkali metals.
So to maintain the trapping of the 39K atoms, the power required is also quite
high. This power requirement is achieved by using a tapered amplifier diode after
the oscillator stage. The tapered amplifier (TA), was originally a Toptica TA100
model, although the laser diode has been replaced with one from M2K Lasers.
The detunings and the power specifications for maintaining the 39K MOT are
listed in Table 2.1.
The MOT beams are expanded and collimated by a number of optics before
they enter the chamber. The beams are about 1.5 cm in diameter at the chamber
window. The trap beam is split into three beams by beam cubes and waveplates
and then used along the three orthogonal axes. The two trap beams along the
horizontal axes are overlapped by the repump beams. There is a power imbalance
between the three axes of the trap beams. The beam in the vertical axis is more
powerful in comparison to the horizontal axes. This compensates the inherent
asymmetry of the spherical quadrupole field from the anti-Helmholtz coils of the
MOT.
The atomic density of 39K achieved in our dark SPOT setup is ∼ 3 × 1010
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Table 2.1: The list of detunings and power specifications for achieving cooling
and trapping of 39K utilizing a MOT .
Output power of the ECDL ∼14 mW at 62.8 mA
Power used in saturation spectroscopy ∼6 mW
Power injected into the TA ∼8 mW
Power out of the TA ∼564 mW at 2.14 A
Power of the trapping beam ∼300 mW
Power of the repump beam ∼53 mW
Trap laser detuning (4S, F = 2→ 4P3/2) ∼-40 MHz
AOM frequency in saturation spectrometer (single pass) ∼80.73 MHz
Repump laser detuning (4S, F = 1→ 4P3/2) ∼-45 MHz
AOM frequency for production of repump frequency (double pass) ∼228 MHz
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cm−3 [33].
2.2.2 The 85Rb MOT
The trapping mechanism for Rb is very similar to that of K. However the major
difference is the hyperfine splittings of both the ground and excited states of 85Rb
in comparison to those of 39K. The hyperfine splitting in the ground state is about
3.036 GHz and the total hyperfine splitting in the excited state is ∼213.4 MHz
(see Figure 2.4). These frequency differences can be easily resolved in a saturation
spectrometer. Hence to achieve the trapping of the 85Rb two distinctly separate
trap and repump frequencies are needed. We achieve these two laser frequencies
from two separate frequency and temperature-stabilized ECDLs. The process of
frequency stabilization is similar to that described for K. Note that, the wavelength
required for trapping 85Rb is 780.1 nm. This is a very common frequency for
commercial laser diodes. Hence the requirement of cooling the ECDLs is not
demanding compared to 39K. For higher power in the trap beam, we injection
lock the output of the master laser to a slave laser (Master Oscillator Power
Amplifier), where the slave laser is a 80 mW Fabry-Perot laser diode.
The trap laser for 85Rb is locked to the F = 3 → F′ = 4 transition and
is detuned by about ∼-15 MHz. The repump laser is locked to the F = 2 →
F′ = 3 transition. The repump beam is overlapped with the trap beam in only
one horizontal axis, which is sufficient to maintain the MOT. Although both the
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Fig. 2.4: Hyperfine energy level diagram of 85Rb.
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MOT systems run in a dark-SPOT configuration, as mentioned before, the density
achieved for the 85Rb atomic cloud is still not satisfactory for our experiments.
To achieve further enhancement of density in the 85Rb MOT, we next introduce
a third beam known as the “Depump”. The depump is resonant with the F =
3 → F′ = 3 transition. The role of the depump beam is to compensate for the
excess diffracted light from the edge of the opaque disk which enters into the
“dark” region. The presence of the depump beam makes the center of the MOT
completely dark to achieve the optimal density, which is ∼ 1 × 1011 cm−3. This
depump beam helps for 85Rb, but not for 39K, because the Rb repump light is
very effective in preventing optical pumping.
2.3 Formation and Detection of Ultracold Molecules
In this section, I will discuss the methods of formation of ultracold molecules via
“Photoassociation” (PA) and the detection techniques of those ultracold molecules.
2.3.1 Photoassociation
Photoassociation is the method of associating atoms by photons to form molecules.
The process involves a free-to-bound transition from the free state of two separated
atoms to a bound state of the excited diatomic molecule [34,23]. The molecule
thus formed in the excited state then undergoes spontaneous emission, by emit-
ting the excess energy in the form of photon. Depending on the energy of the
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emitted photon, there are two possible outcomes of this spontaneous emission: 1)
The excited molecule decays back to two free atoms, or 2) A stable or metastable
molecule is formed in specific rovibrational levels of the ground or metastable
lower state (bound or quasibound). The idea is to find the specific rovibrational
levels in the excited state which have a good probability to spontaneously decay to
bound levels in the ground or metastable state, thus forming an appreciable quan-
tity of stable (or metastable) cold molecules. This method of ultracold molecule
formation via the PA process is schematically shown in Figure 5.1 and can be be
expressed by the following pair of equations:
K +Rb+ hν1 → KRb
∗(Ω′, v′J ′)...............PA (2.3)
KRb∗(Ω′, v′J ′)→ KRb(G, v′′, J ′′) + hν2...............SE (2.4)
where Ω′ represents the total angular momentum projection quantum number for
the rovibrational (v′, J ′) level of the Hund’s case (c) states at large internuclear
distances, R, and G represents either the ground X 1Σ+ state or the metastable
a 3Σ+ state of KRb for the rovibrational (v′′, J ′′) level.
The photoassociation rates for the formation of ultracold molecules have
been extensively calculated by Pillet et al. [35] utilizing a perturbative quantum
mechanical approach and can be expressed as,
Γ ∝ nλ3thω
2
R∆
−1/2, (2.5)
where Γ is the photoassociation rate, n is the density of the MOT, λth is the
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Fig. 2.5: Schematic representation of photoassociation method. The arrow la-
beled PA represents the photoassociation process, and the arrow labeled
SE represents the spontaneous emission process. ETH represents the
initial thermal collision energy of the atom pairs, which has been exag-
gerated for clarity. EB represents the binding energy of the bound level
in the excited state and EAT represents one-photon atomic transition.
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thermal de Broglie wavelength, ωR is the Rabi frequency, and ∆ is the frequency
detuning of the PA frequency with respect to the asymptote. Thus Equation 2.5
clearly indicates that the PA rate (Γ) will increase with higher MOT density,
higher PA laser intensity, lower temperature (λth↓ with temperature↑)and lower
PA detuning. Note that the calculations in Ref. [35] were done for homonuclear
PA, but can also be generally applied to heteronuclear PA.
2.4 Detection of Ultracold Molecules formed by PA
PA can be observed using various detection techniques like trap-loss detection,
molecular ionization (before spontaneous emission), fragmentation, and X /a state
molecule ionization (after spontaneous emission). In this section I will just focus
on the fourth detection technique i.e. direct detection of the ultracold molecules
formed in the X 1Σ+ and the a3Σ+ state by PA followed by radiative decay.
Fortunately considerable literature is available on PA of ultracold molecules and
an enthusiastic reader can refer to those for details [23,4,35].
For most part, our ionization scheme utilizes the state-selective Resonance
Enhanced Multiphoton Ionization (REMPI) technique. The REMPI process typ-
ically involves a resonant single or multiple photon absorption to an electronically
excited intermediate state followed by another photon which ionizes the atom
or molecule. The optical intensity to achieve a typical multiphoton transition is
generally significantly larger than for a single photon transition. A positive ion
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Fig. 2.6: Schematic representation of the REMPI method. Here a ground X -
state level, formed by PA, is two-photon ionized through a resonant
“REMPI” excited state.
32
and a free electron are the usual products of the REMPI process. The method
is schematically represented in Figure 5.2. Among the various types of REMPI
processes, the three types that are most commonly used are:
1) One-Color Two-Photon: This involves two photons of same energy to ionize the
molecule from the ground (or metastable) state through a resonant intermediate
state.
2) Two-Color Two-Photon: This involves two photons of different energy to ionize
the molecule from the ground (or metastable) state.
3) Three-Photon: This involves three photons to ionize the molecule from the
ground (or metastable) state via three steps of excitation. These three steps of
excitation can involve one, two or three colors.
2.4.1 Experimental Procedure
The first step of my experiments is to trap the K and Rb atoms in a MOT and
overlap them carefully at the center of the UHV chamber. The position of the
MOTs are monitored from two directions by using CCD cameras. These ensures
the overlap of the two MOTs in all the three directions. For further optimization
of the overlap, the next step is to tweak the MOT optics to increase the KRb+
signal. This is done by monitoring the KRb+ time-of-flight signal while the lasers
are fixed at a PA transition.
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Once the density and overlap of the MOTs are satisfactory, the next step is
to introduce the PA laser into the chamber. A cw Titanium:sapphire ring laser
(Coherent Model 899), pumped by a Coherent Verdi V10 solid state laser, acts as
the PA laser. The output power of the PA laser is ∼1 W with the pump power
of 10 W and is focused at the center of the MOT. The frequency of the PA laser
depends on the energy required to populate the specific rovibronic level in the
excited state in the experiment. To theoretically estimate that energy we use
the LEVEL 8.0 program [36], a free program distributed by Prof. LeRoy at the
University of Waterloo.
Maintaining the PA laser frequency on a desired energy level for a long time
(more than an hour) is a necessity for performing REMPI spectroscopy. This
frequency stabilization of the Ti:Sapphire laser is achieved by the utilization of an
external Fabry-Perot cavity. The arrangement for the frequency stabilization is
shown in Figure 2.7. The optics requirement for this setup are 1) A Fabry-Perot
Cavity, 2) A pair of polarizing beam splitters (PBS), 3) One focusing lens, 4)
Three mirrors, and 5) Two photodiodes. The basic idea is to lock the difference
frequency from two lasers. One of the two lasers is the reference, which in the
current setup is the slave laser injection-locked to the 85Rb trap laser. Then a
fraction of the Ti:Sapphire output is combined with the reference laser at the first
PBS. After that the combined beams are aligned to the cavity with the aid of the
mirrors. The output of the cavity is then focused to another PBS, which separates
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it back into its component laser beams. These output beams are then read by the
photodiodes and recorded.
The free spectral range (FSR) of the cavity that is being used is 2 GHz. Thus
as the cavity is scanned the distance between two consecutive peaks is 2GHz.
Then δ, shown in the graph (Figure 2.7) is the difference in frequency of the
two lasers. A feedback loop attached to the Ti:Sapphire laser maintains this
difference. The labview program that controls this locking scheme was written
by Dr. David Rahmlow of our group. This frequency stabilization is able to
maintain the output of the PA laser at a particular frequency (±1.8 MHz) for 2-3
Hrs. Further improvement can be achieved by controlling the temperature and
mechanical vibration of the cavity.
The molecules formed by PA then radiatively decay to the X and/or a
states correlating with two ground-state atoms and are detected via REMPI.
The REMPI laser is a Continuum model ND6000 pulsed dye laser, pumped by
a Nd:YAG laser (Spectra-Physics Model) at a wavelength of 532 nm and a rep-
etition rate of 10 Hz. The typical pulse energy from the dye laser used in these
experiments is ∼1 mJ. The pulsed beam is focused to a diameter (FWHM) of
∼ 0.76 mm at the MOT. The positive ions produced by the ionization laser are
detected by a channeltron operated with a high voltage of -2100 Volts. The KRb+
ion signal is distinguished from K+, Rb+, K+2 and Rb
+
2 ions by time-of-flight mass
spectroscopy and is recorded via a SRS 250 boxcar integrator.
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Fig. 2.7: Schematic representation of the optics layout for frequency stabiliza-
tion of the Ti:Sapphire laser. BNC1 and BNC2 are BNC coaxial cable
connectors. The graph shows a schematic output signal from the two
photodiodes which are used to lock the frequency of the PA laser. The
δ denotes the difference in frequency between the two traces, the pa-
rameter which the locking circuit is keeping fixed.
36
For the overall layout of the optical table, refer to Ref. [15]
2.5 Spectroscopy
Spectroscopy is an integral part of this thesis. The information obtained in our
experiments are mainly in the form of PA spectra or REMPI spectra. PA spec-
tra are obtained by scanning the cw PA laser while keeping the pulsed REMPI
laser fixed on a particular resonance. Similarly REMPI spectra are obtained by
scanning the pulsed laser while fixing the PA laser on a known resonance.
The PA spectra thus obtained contain information about the rotational and
vibrational levels of the excited states to which the PA is performed. Note that
the excited state assignments of the PA spectra are usually denoted in Hund’s case
(c) notation, since PA usually is a long-range phenomenon. On the other hand,
the REMPI spectra provide information on the vibrational levels of the ground
(and lowest metastable) states formed by PA, as well as the excited states through
which resonant ionization of the KRb molecules is performed. The REMPI spectra
reported in this thesis do not possess rotational resolution since the pulsed dye
laser in use has an intrinsic linewidth (0.5 cm−1) which is much broader than all
the lower state rotational level spacings of ultracold KRb molecules.
Chapter 3
Production of the Lowest Vibrational Levels of the
Ground State of Ultracold KRb Molecules
This chapter is about production of the ultracold molecules in the lowest vibra-
tional levels of the ground state (X 1Σ+) utilizing “Resonant Coupling” between
excited electronic states. The chapter begins by providing a qualitative analysis
of the phenomenon described as resonant coupling. The next section describes the
theoretical prediction for the formation of ultracold molecules in their absolute
ground state (X(0, 0)) for all the ten pairs of heteronuclear alkali dimers, with
the emphasis on KRb [17]. The following two sections describe the experimen-
tal observation of the production of lowest vibrational levels of the ground state
ultracold KRb molecules. Section 3.3 describes the details of resonant coupling
observed between a particular pair of vibrational levels of the 2(1) and 4(1) excited
states of KRb. The next section describes the production of lowest vibrational
levels of KRb molecules utilizing this coupling. The chapter concludes with a
summary emphasizing future directions of this work.
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3.1 What is Resonant Coupling?
If two rotational or vibrational levels belonging to two different electronic states
lie at approximately the same energy and if classically the system could go over
from the one state to the other without a large alteration of position and momen-
tum, then those two levels can influence each other strongly. The signature of this
influence will be observed in the modified vibrational energy level position, vi-
brational wavefunction, rotational constants and hyperfine structure of these two
particular states. Under these circumstances, those two particular rovibrational
levels (belonging to two different electronic states) will be said to be “resonantly
coupled”.
This coupling can be quantified using stationary-state perturbation theory.
The Hamiltonian matrix can be written as a sum of the zeroth-order term plus
an interaction term that represents the coupling, so that [37]
Hˆ = Hˆ(0) + Hˆ(1) (3.1)
with
Hˆ
(0) =


E01 0
0 E02

 (3.2)
and
Hˆ
(1) =


0 V
V 0

 (3.3)
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with
Hˆ(0)ψ(0)n = E
(0)
n ψ
(0)
n , n = 1, 2, (3.4)
and
V =
〈
ψ
(0)
2
∣∣∣Hˆ∣∣∣ψ(0)1
〉
(3.5)
The effect of the interaction V is to mix the wavefunctions and shift the
energy levels E01 and E
0
2 in opposite directions by the amount +
V 2
∆E
for E02 and
− V
2
∆E
for E01 , as shown in Figure 3.1. The degree to which the two wavefunctions
can mix depends on both the magnitude of V and the initial energy difference
∆E = E02 − E
0
1 .
The shift of a given level depends inversely on its separation from the other
energy level and is always in the sense of repulsion. In addition, each of the two
levels assumes some character of the other and thus becomes a coupled “hybrid”
[38] level instead of a single pure level.
The selection rules for stationary-state molecular perturbations were derived
by Kronig and can be summarized as follows,
1) ∆J = 0, i.e., both levels must have the same total angular momentum.
2) ∆S = 0, i.e., both levels must have the same multiplicity.
3) ∆Λ = 0 or ±1 ( for Hund’s case (c) ∆Ω = 0 or ±1).
4) Both states must be positive or both states must be negative, i.e. +↔+ or
−↔−, where +/− denotes the reflection symmetry through any plane which in-
cludes the molecular axis of the diatomic molecule.
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Fig. 3.1: Schematic of the interaction of an isolated pair of perturbatively cou-
pled states.
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Perturbations with ∆Λ = 0 ( or ∆Ω = 0 for Hund’s case (c)) are perturba-
tions between states of the same type and are called homogeneous perturbations.
In contrast the perturbations with ∆Λ = ±1 (or ∆Ω = ±1 for Hund’s case (c))
are called to heterogeneous perturbations. Note that one can also distinguish be-
tween rotational perturbations where the perturbation affects just the rotational
structure, and vibrational perturbations, where one or more vibrational bands
deviate from their normal progression.
Perturbation theory and its intricacies is a vast and complicated field of
study. A detailed description of various aspects of this theory is beyond the scope
of this thesis. However, there are several interesting textbooks available that
provide an interesting take on this subject [37–39].
3.2 Resonant Coupling and Formation of X (0,0) Ultracold Molecules
In ultracold molecules, emphasis has shifted to ultracold polar molecules, e.g.
heteronuclear alkali metal dimers, because of the permanent dipole moments of
these molecules, which vary from small (KRb) to large (LiCs). [40] Emphasis has
also shifted from study of the weakly bound levels formed by photoassociation
(PA) (1-100 cm−1 below dissociation asymptotes) and extremely weakly bound
levels formed by magnetoassociation (MA) via Feshbach resonances to formation
of the most strongly bound levels, i.e. the rovibronic ground state, X 1Σ+(v =
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0, J = 0), or X(0, 0) for short. Actually this lowest level consists of a large
number of hyperfine states with very small splittings not normally observable
in high resolution spectroscopy [41]. The major motivation for seeking X(0, 0)
molecules is their lack of inelastic collisions at ultracold temperatures [although
the hyperfine state distribution can certainly be redistributed by inelastic collisions
in weak magnetic fields].
A second motivation is that the dipole moment is expected to be largest for
the X(0, 0) level, an order of magnitude larger than for levels formed by PA and
many orders of magnitude larger than for levels formed by MA [42]. The formation
of X(0, 0) levels in ultracold molecules was first achieved in K2 by spontaneous
emission following two-photon PA [43] and then in RbCs using stimulated Raman
transfer following spontaneous emission following PA [21] and in LiCs by spon-
taneous emission following far-detuned PA [26]. More recently, KRb has been
efficiently transferred by stimulated Raman transition to X(0, 0) [20,7] and Cs2
formed by PA has been optically pumped to X(0, 0) [44]. Further exciting results
are expected in the very near future.
Two alternate approaches for formingX(0, 0) molecules have been proposed:
Feshbach Optimized Photoassociation (FOPA) [45] and resonant coupling of Ex-
cited States formed by PA [46–48]. It is the latter approach which we will explore
in this section for all ten heteronuclear alkali metal dimers.
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3.2.1 The Model
Resonant coupling of levels in two (or more) electronic states is, of course, a very
well known and long explored topic in electronic spectroscopy; we say the levels
mutually perturb each other or that the levels are of mixed character. When levels
from different electronic states have nearly the same energy and quantum numbers,
their wavefunctions become mixtures of single electronic channel wavefunctions.
A particularly well studied example is the resonant coupling of the levels of the
A 1Σ+u and b
3Πu states of Na2 [49]. This coupling has been known since the work
of R. W. Wood over a century ago. However, the resonant couplings we are looking
for are those which: (1) occur in the PA energy regions (< 100 cm−1 below the
PA asymptote); and (2) have good Franck-Condon wavefunction overlap with the
X(0, 0) wavefunction.
3.2.2 Prediction for KRb
The potential energy curves of KRb are fairly well known from high-quality ab
initio calculations Ref. [29] and from experiment (e.g. Refs. [50] and [51]). The
set of ab initio curves [29] is shown in Figure 3.2.
Kato and co-workers extensively studied the 11Π and 21Π states and their
mutual perturbations utilizing optical-optical double resonance as reported in
Refs. [50,51] . Their studies included levels of both states in the PA energy region
below the K(4s) + Rb(5p1/2) asymptote and above it; those above the asymp-
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Table 3.1: The list of perturbing vibrational levels of 11Π and 21Π.
1 1Π 2 1Π
v′ = 64 v′ = 18
v′ = 60 v′ = 17
v′ = 57 v′ = 16
tote were observed to predissociate. The 11Π state correlates with the higher
K(4s)+ Rb(5p3/2) asymptote while the 2
1Π state correlates with the much higher
K(4p3/2)+ Rb(5s) asymptote. In Ref. [50,51], perturbations between 1
1Π and 21Π
were observed for three particular pairs of vibrational levels, listed in Table 3.1.
Previous work in UConn on KRb PA spectra [46] included observations of
v′ = 61 − 63 of the 11Π state, but these levels are not resonantly coupled to
levels of the 2 1Π state. Recently we have identified regions in the old PA spectra,
predicted to consist of v′ = 60 of the 1 1Π state and v′ = 17 of the 21Π state, which
are resonantly coupled, as shown in 3.3. It is the wavefunction of the v′ = 17
level which has good Franck-Condon overlap with the wavefunction of the X(0, 0)
level. However, without resonant coupling we would not have access to this level
by PA. That is because the v′ = 17 level is basically a short range level with an
extremely small probability of being reached by PA, since the 2 1Π potential curve
is dissociating to a much higher asymptote and the classically forbidden part of
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the v′ = 17 wavefunction starts at ∼11 a0 (see Fig.3 of Ref. [46]). However, since
v′ = 17 and v′ = 60 are strongly mixed, we expect the former to provide good
overlap with X(0, 0) and the latter to provide good PA probability.
We note that it is more efficient to estimate strong transitions by simply
examining the internuclear distances at which classical inner and outer turning
points occur rather than generating tables of Franck-Condon factors. Thus, for
example, the photoassociation of Cl2 was estimated by examining the upper state
wavefunctions with good overlap with the v′′ wavefunctions [52], as discussed in
Ref. [38]( especially in connection with Fig. 175).
However, we have plotted the Franck-Condon factors (FCFs) for 1 1Π (v′)
- X 1Σ+ (v′′=0) transitions (Fig. 3.4A) and 2 1Π (v′) - X 1Σ+ (v′′=0) transitions
(Fig. 3.4B). As can be clearly seen in Fig. 3.4A, the peak of the FCFs for 11Π
(v′) - X1Σ+ (v′′=0) transitions is at v′=2, which would be very difficult to reach
by direct PA. On the other hand, for 21Π (v′) - X1Σ+ (v′′=0) transitions, the
peak is at v′=20 and v′=17 also has a very promising Franck-Condon overlap
with the X(0, 0) level. However, because of the predicted strong mixing (resonant
coupling) of v′=17 level of the 21Π state with v′=60 level of the 11Π state, these
mixed levels will each have good FCFs for emission to the X(0, 0) level.
Note here, all the predictions of the mixing of 1 1Π and 2 1Π states of 39K85Rb
discussed in this section are based on the observations reported in Ref. [50,51]. As
mentioned earlier, the observations in [50,51] were based on optical-optical double
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Fig. 3.3: Fragment of the PA spectrum of 39K85Rb in the 12533.8 – 12535.4 cm−1
range, showing two previously assigned bands of the 2(1) and 3(0+) [46]
states (marked above in blue) and two predicted bands of the 4(1) (∼
1 1Π at short range) and 5(1) (∼2 1Π at short range) states (marked
below in green), corresponding to resonantly coupled vibrational levels
v′ = 60, 1 1Π and v′ = 17, 2 1Π respectively.
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Fig. 3.4: FCFs versus internuclear distances for A) 11Π (v′) - X1Σ+ (v′′=0) tran-
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internuclear distances are represented on the same scale, shown at the
bottom.
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resonance experiments where the value of the rotational quantum number J ′ is
quite high (J ′ = 25−35) compared to the J ′ values usually addressed in ultracold
experiments (J ′ = 0 − 4). So our prediction of the mixing of 1 1Π and 2 1Π
states is based on the extrapolation of the energetics from high J ′ values to low
J ′ values, which is a very solid approach unless otherwise the mixing is dependent
on J ′ values. However, no such J ′ dependent perturbations was mentioned in Ref.
[50,51].
Nevertheless, it is important to mention here that we were unable to ob-
serve the predicted perturbations of the 1 1Π and 2 1Π states of 39K85Rb in our
experiments. We observed a very weak PA signal for 2 1Π, v′ = 17 and no other
signatures for the remaining levels listed in Table 3.1. Moreover, the ground state
molecules formed by PA through the 2 1Π, v′ = 17 state, did not show any signa-
ture of the formation of the lowest vibrational levels of the X -state. However, we
were successful in observing the resonant coupling between the 2(1), v′ = 165 and
4(1), v′ = 61 state, which will be discussed in section 3.3 and 3.4.
3.2.3 Other Heteronuclear Alkali Dimers
The results of the examination of the other nine heteronuclear alkali dimers [17]
are summarized in Table 3.2 [17]. Our initial prediction of resonant coupling of
the 21Π and 11Π states in KRb also appears relevant to the case of RbCs and
possibly KCs. The resonant coupling of the 31Σ+ and 11Π states appears to be
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Table 3.2: Promising Pathways to Formation of X(0,0) Heteronuclear Alkali
Metal Dimers
Molecule Direct PA to 1 1Π Resonant Coupling
2 1Π ∼ 1 1Π 3 1Σ+ ∼ 1 1Π
LiNa x
LiK x
LiRb x
LiCs x
NaK x
NaRb x
NaCs x
KRb x x
KCs x x
RbCs x
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more relevant in the cases LiNa, LiK, LiRb, and possibly LiCs and KCs. Simple
direct PA appears most promising in NaK, NaRb and NaCs, without any need
for resonant coupling. The potential energy curves of all the heteronuclear alkali
dimers are shown in Figs. 3.5, 3.6, and 3.7. All the potential curves of the
heteronuclear alkali dimers involving Lithium are shown in Figure 3.5, similarly
those others involving sodium are shown in Fig. 3.6, and those others involving
cesium are shown in Fig. 3.7.
For the direct PA cases (NaK, NaRb and NaCs), varying the detuning of
the PA laser to the 11Π state while detecting the X (0,0) level should readily
identify the optimum 11Π vibrational level for forming X (0,0) molecules. Ab
initio calculations including spin-orbit would be useful here to better establish
the optimal detunings.
For the 21Π ∼ 11Π resonant coupling cases (RbCs and KCs), spectroscopy
comparable to that carried out for KRb remains to be carried out. Detecting the
X (0,0) level while tuning the PA laser should again allow ready identification of
the resonantly coupled levels. An ab initio calculation with spin-orbit would be
useful in particular for KCs.
For the 31Σ+ ∼ 11Π resonant coupling cases (LiNa, LiK, LiRb, and possibly
LiCs and KCs), spectroscopy is again needed. Detecting the X (0,0) level while
detuning the PA laser should again assist in identifying the resonantly coupled
levels. An ab initio calculation with spin-orbit would be particularly useful for
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Fig. 3.5: Potential energy curves up to the second excited atomic asymptote
based on the data in Ref.[53] for LiNa, Ref.[54] for LiK, Ref.[55] for
LiRb and Ref.[56] for LiCs. The vertical arrows correspond to Pho-
toassociation (PA) and Radiative decay. The horizontal dotted lines
correspond to the energy of the lowest excited atomic asymptote.
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Fig. 3.6: Potential energy curves up to the second exited atomic asymptote based
on the data in Ref.[57] for NaK, Ref.[55] for NaRb, and Ref.[56] for
NaCs. The vertical arrows correspond to Photoassociation (PA) and
Radiative decay. The horizontal dotted lines correspond to the energy
of the lowest excited atomic asymptote.
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LiCs as noted above.
In both cases of resonant coupling, there are two factors to consider: the
magnitude of the coupling of the two single channel electronic states, and the
energy denominator. The magnitudes of the short range couplings of two singlet
states discussed in Section III probably do not vary greatly, although the homoge-
neous perturbations (∆Λ = 0) are often somewhat larger than the heterogeneous
ones (∆Λ = ±1). However, we have thus far considered electronic states to be
eigenfunctions of total electronic spin S. However, the long range states formed by
PA are generally not eigenfunctions of S, but rather of Jz, with eigenvalue Ω, the
projection of the total electronic angular momentum along the internuclear axis
R̂. Thus for a particular lowest excited asymptote of a heteronuclear alkali dimer
(say ns + n p1/2), there are three states (0
+, 0−, and 1) and for the second lowest
excited asymptote (ns + n’ p3/2), there are five states (0
+, 0−, 1, 1, and 2). While
the 0− and 2 states are pure triplets, the other states are each singlet/triplet mix-
tures. Moreover, different states of the same Ω value, e.g. the three Ω=1 states,
can also resonantly couple, as can states with (∆Ω = ± 1). Thus the 11Π state we
speak of being formed by PA (actually a Ω =1 state correlating with the second
lowest excited asymptote) may not be a pure singlet state for resonant coupling.
Nevertheless, in the region inside 15 ao, it is well described as a singlet state.
The states to which the resonant coupling occurs (21Π and 31Σ+) are in fact well
described as singlets as long as they are well below their dissociation limits (to
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the fourth and third lowest excited asymptotes, respectively). This is always true
in the PA region explored in the dissertation.
The other factor, the energy denominator, can greatly increase the strength
of resonant coupling when very small. The odds of very small energy denomina-
tors scale with the density of vibrational levels, i.e. with the square root of the
reduced mass. Thus strong resonant coupling corresponding to very small energy
denominators is most favored for RbCs and least favored for LiNa; however, this
is just a factor of 3.3 in square root of the reduced mass. In 39K 85Rb [46], for
example, in addition to the (60,17) pair of resonantly coupled levels shown in
Fig.2, there is the (64,18) pair ∼2 cm−1 above the K(4s) + Rb(5p1/2) asymptote
and the (57,16) pair ∼87 cm−1 below that asymptote. Thus the number of pairs
of resonantly-coupled vibrational levels will probably remain in the single digits
for each isotopic variant in all ten systems.
It might also be noted that other useful comparisons among the heteronu-
clear alkali dimers have previously been published: a comparison of the strength
and signs of the long range potentials and the probability of PA [34], a compar-
ison of the theoretical and experimental dipole moments [40], a comparison of
photoassociation and molecule formation probabilities [53] and a comparison of
stimulated Raman schemes for forming X (0,0) molecules via the resonantly cou-
pled 21Σ+ ∼ 13Π states starting in a magnetoassociated state of predominantly
triplet character [54].
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3.3 Resonant Coupling of the 2(1) and 4(1) states of KRb
The coupled states used here can be observed by scanning the PA laser in the
vicinity of 12547.9 cm−1, red-detuned from the K(4s) + Rb(5p1/2) asymptote by
31 cm−1. In the PA spectra of Figure 3.8, the two excited states are observed about
∼0.3 cm−1 apart. These are identified as v′ = 165 of 2(1) and v′ = 61 of 4(1), using
Hund’s case c) notation, which correlate to 2 3Σ+ and 1 1Π states at short range. In
earlier work [15], these two states were observed using a pulsed REMPI laser with
significantly broader linewidth and considerable amplified spontaneous emission,
thus degrading the state selectivity but with the advantage of detecting all PA
resonances with some efficiency. In the present work PA spectra are obtained via
REMPI using a narrow bandwidth (0.5 cm−1) laser with a well-defined frequency.
Theoretical calculations predict that the long-range 2(1), v′ = 165 level
should radiatively decay predominantly to high-v′′ levels of the X state. Similarly
the intermediate-range 4(1), v′ = 61 level should emit predominantly to low-v′′
levels of the X state. However, the PA spectra in Figure 3.8 reveal a different
picture. Although Figure 3.8a corresponds to detection of high-v′′ levels and
Figure 3.8b to low-v′′ levels of the ground-state, both have the same ratios of 2(1)
and 4(1) signals for all the J values. This suggests that the pair of excited states
is strongly mixed by perturbative coupling. Note that, in Figure 3.3, although the
2(1),v′ and 4(1),v′ are predicted to be very closely spaced, we did not observed
any evidence of resonant coupling for that pair.
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Fig. 3.8: Photoassociation spectra of KRb with the detection laser tuned to tran-
sitions of a) X 1Σ+, (v′′ = 84) to 4 1Σ+, (v′ = 47) at 16635.8 cm−1 and
b) X 1Σ+, (v′′ = 0) to 2 3Σ+, (v′ = 38) at 15116.14 cm−1, showing the
2(1), v′ = 165 and the 4(1), v′ = 61 states. The lines marked by aster-
isks are “hyperfine ghost” artifacts arising due to a small population in
the bright hyperfine states (F=2 for 39K and F=3 for 85Rb) of 39K (4S)
and 85Rb (5S) in our dark spot MOT. Hyperfine ghosts are present in
spectrum b) also, but are not labeled to avoid congestion.
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EJ = J(J +1)Bv. Bv is the rotational constant. The theoretical values
of Bv are calculated using LEVEL [36] with single channel potentials
calculated by Rousseau et al. [29].
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Fig. 3.10: Comparison of hyperfine structure of the 2(1), v′ = 165 (black, thicker
width) and 4(1), v′ = 61 (red, narrower width) states for J ′ = 1, 2 and
3. The detection laser frequency for all the PA scans is 16635.8 cm−1.
Also, as the scan speeds and laser powers were not closely matched,
we do not consider the differences in the linewidths to be significant.
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Figure 3.9 depicts the behavior of the rotational constants for these two
levels. The topmost (4(1), v′ = 61) and bottom-most(2(1), v′ = 165) lines depict
theoretical prediction of Bv based on single channel calculations. The experi-
mental results depicted by the middle two lines deviate significantly towards one
another, as expected in case of resonant coupling. The experimental values of Bv
for 4(1), v′ = 61 and 2(1), v′ = 165 are quite similar and each deviates significantly
from the single channel calculations or from simple linear interpolation between
neighboring vibrational levels. In addition, Table 3.3 tabulates the rotational con-
stants, both experimental and theoretical, for the PA states v′ = 164− 166 of the
2(1) state and v′ = 61 − 63 of the 4(1) state. The experimental Bv values are
obtained by combining the information in Figure 3.8 with additional data from
Ref. [46]. The experimental Bv values of the 2(1) state for v
′ = 164 and v′ = 166
are within 10% of the theoretical values, which are calculated using LEVEL [36]
with the ab initio potential energy curves in Ref. [29]. However, for v′ = 165 the
Bv value is significantly larger than the ab initio value and matches more closely
the Bv value of 4(1), v
′ = 61. The above evidence regarding the behavior of the ro-
tational constant again suggests that these two excited states are strongly mixed.
Moreover, we also note that if they are strongly mixed, their hyperfine structure
(hfs) should be quite similar. This is indeed observed, as can be seen in Figure
3.10 for superposed plots of the hfs for J ′ = 1, 2 and 3.
Note that, the vibrational numbering of the 4(1) electronic state is absolute.
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Table 3.3: Rotational Constants of the 2(1) and 4(1) states for selected vibra-
tional levels. It includes the coupled pair (v′ = 165 - v′ = 61) of
vibrational levels discussed in this section along with the neighboring
vibrational levels for comparison.
State v′ Bv′ (Theo.) Bv′ (Expt.)
(×103 cm−1) (×103 cm−1)
2(1) 164 5.50 6.0
165 5.27 8.5
166 4.95 4.6
4(1) 61 12.9 10.9
62 12.7 10.1
63 12.6 9.0
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This state was previously observed by Kasahara et al. [51] in an optical-optical
double resonance experiment for higher values of J and was later observed by our
group [46] for lower values of J. However, the vibrational numbering of the long-
range state of 2(1) is slightly uncertain. In previous work by our group [46], we
observed many vibrational levels of 2(1) state, but not all. Based on a long-range
extrapolation to the dissociation limit [46], we can definitively state that the 2(1)
vibrational level in the present experiment is the 22nd level below the dissociation
limit. Calculating the vibrational levels of 2(1) state using the LEVEL program
[36] and the single-channel potential [29], we find that the energy of the v′ = 165
calculated level corresponds closely to our experimental vibrational level. Hence,
for ease of discussion we will denote this vibrational level of the 2(1) state to be
v′ = 165.
This mixing between 2(1) and 4(1) is even more apparent in the REMPI
spectra of the X and a state molecules formed by radiative decay of the coupled
PA states. These spectra are obtained by scanning the ionization laser with the
PA laser fixed at 12547.62 cm−1 (2(1), v′ = 165, J ′ = 1) and then at 12547.92
cm−1 (4(1), v′ = 61, J ′ = 1), shown in Figure 3.11. These spectra are extremely
congested and hence quite challenging to assign. Nevertheless comparing the
two spectra reveals that they share the same spectral lines for the entire 400
cm−1 scan except for six random peaks (out of ∼110 reproducible peaks). For
many years, in our group, we have studied REMPI spectra, which are usually
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Fig. 3.11: Near-identical REMPI spectra of KRb with the PA laser at A) 12547.6
cm−1 and B) 12547.9 cm−1. The line marked by an asterisk represents
the detection frequency of 16635.8 cm−1 used for the PA scans in
Figure 3.8 and 3.10. Note that the intensity scales in A and B are the
same.
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very different for different electronic states. We have never observed two REMPI
spectra arising from two different electronic states with such striking similarity.
This confirms the strong coupling between the participating electronic excited
states and suggests that these coupled states are nearly an equal admixture of the
2(1) and 4(1) electronic states at least in the range of internuclear separations for
which radiative decay to bound levels of the ground state is significant.
3.4 Formation of the Lowest Vibrational Levels of the X 1Σ+ State of
KRb
In an attempt to better understand the vibrational distribution of ground state
molecules formed via these coupled excited states, we performed REMPI scans
from ∼15000-15300 cm−1, which is significantly below the scan range shown in
Figure 3.11, since in that region the number of intermediate state resonances is
fewer and hence the spectra are expected to be less complex.
The spectrum thus obtained, as shown in Figure 3.12, is still rather con-
gested but nearly all of the lines have been successfully assigned. The assignments
include numerous transitions from the lowest lying vibrational levels v′′ = 0− 10
of the X 1Σ+ state, as well as from the levels a 3Σ+, v′′ = 19 − 27. In Figure
3.12, we have shown only the transitions from X 1Σ+, v′′ = 0 to the intermediate
levels with the intention to avoid excessive congestion of assignments. The low-v
ground-state molecules, as observed by REMPI through the 1 1Π, 2 3Σ+ and 3 1Σ+
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Fig. 3.12: REMPI detection spectra of KRb molecules, at lower laser frequencies.
The vertical lines indicate assignments from X 1Σ+, v′′ = 0 to several
levels of the intermediate states 1 1Π, 2 3Σ+ and 3 1Σ+. The black
circles (•) indicate 85Rb two photon transitions that leak into the
molecular channel. The PA laser was set to the 4(1), v′ = 61, J ′ = 1
level for this scan.
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Fig. 3.13: An expanded view of a selected region of the detection spectrum (Fig-
ure 3.12) of KRb molecules. The red vertical lines (bottom) indicate
ground state molecules detected via the 2 3Σ+ state and the blue verti-
cal lines (top) indicate those detected via the 3 1Σ+ state. The v′ corre-
sponds to the intermediate state (2 3Σ+ or 3 1Σ+ in the present case)
vibrational levels and v′′ corresponds to that of the ground X 1Σ+
state. The green vertical lines (middle) correspond to the detection
of molecules in the a 3Σ+ state via the 3 3Σ+, v′ = 11 level. In the
region of the spectrum shown in this figure nine lines (above the 4.5
vertical threshold) are assigned, while three are still unassigned.
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excited electronic states, have been studied extensively in very recent molecular
beam experiments [55–57]. Thus the vibrational energies of the ground state and
intermediate states used to assign the REMPI spectra are all well known from
experiments and hence there is very little uncertainty in the assignments of our
spectra. Also, we have only assigned the lines in the REMPI spectrum which can
be detected via the vibrational levels of the intermediate states already observed
in [55–57]. As a result, there are a few lines that are still unassigned. In Table
3.4 we compare energies for transitions from X 1Σ+, v′′ = 0 to the intermediate
levels 1 1Π, v′, 3 1Σ+, v′ and 2 3Σ+, v′ reported in the molecular beam (MB) ex-
periment with that obtained from the REMPI spectrum shown in Figure 3.12.
The differences column in Table 3.4 indicates the differences in transition energies
observed in MB experiment with that observed in Figure 3.12, which shows good
agreement.
In order to provide a cleaner view of the dense spectrum, we show in Figure
3.13 an expanded view of the spectrum in Figure 3.12 focusing on the region
∼15105-15137 cm−1. In this region, lines can be assigned to transitions from
X 1Σ+, v′′ = 0−3 levels to various vibrational levels of the 2 3Σ+ and 3 1Σ+ states.
Transitions corresponding to the lowest triplet state are also shown. However, in
this region, no distinct lines can be assigned to the 1 1Π state. As is evident from
the figure, there are still some unassigned lines in this region. These are likely
to be transitions to vibrational levels of the same intermediate states beyond the
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range reported in [55–57].
Further evidence that KRb molecules are formed in the lowest lying vibra-
tional levels of the ground state comes from our observation of very large KRb+
signals ionized using only a 532 nm pulsed laser. For molecules in high vibra-
tional levels of the ground state, single-color ionization at 532 nm was previously
observed to be quite inefficient. For X 1Σ+, v′′ = 0, the situation is much dif-
ferent because of a near resonance with the 3 3Σ+, v′ = 3 level, which enhances
two-photon ionization. Because the vibrational spacings are very similar in the X
and the 3 3Σ+ states, other X, low v′′ levels are also enhanced.
The relative intensities of the REMPI intermediate states are also of interest.
The spin selection rule ∆S = 0 forbids transitions between singlet and triplet elec-
tronic states, so the 2 3Σ+←X 1Σ+ transitions might be expected to be very weak.
However, as is evident in Figure 3.12, the 2 3Σ+←X 1Σ+ transitions are actually
nearly as strong as the singlet-singlet REMPI transitions. Similarly efficient tran-
sitions between these two states are also reported in [55–57]. This occurs because
there are five excited electronic states in this energy region, 2 1Σ+, 1 1Π, 2 3Σ+, 1 3Π
and 3 1Σ+, which undergo mutual perturbations at various internuclear distances.
This gives rise to very complicated coupling and hence the participating states are
often not of pure singlet or triplet character. This is probably facilitating not only
the detection of the lowest vibrational levels of X 1Σ+ via the 2 3Σ+ state in KRb
with very good efficiency [55,56], but also the formation of these low-lying vibra-
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Table 3.4: Comparison of transition energies from X 1Σ+, v′′ = 0 to 1 1Π, v′,
3 1Σ+, v′ and 2 3Σ+, v′ obtained from Molecular beam (MB) exper-
iment reported in [62-64] and the ultracold molecule (UM) results
reported in this chapter [8].
State v′ v′′ Transition Energy(MB) Transition Energy(UM) Differences
cm−1 cm−1 cm−1
1 1Π 0 0 15005.2 15005.48 0.28
1 0 15066.13 15065.80 0.33
2 0 15126.83 15126.53 0.30
3 0 15186.13 15186.12 0.014
4 0 15245.86 15246.06 0.20
3 1Σ+ 27 0 15158.49 15158.27 0.21
28 0 15198.47 15198.80 0.33
29 0 15238.12 15238.06 0.06
30 0 15277.89 15277.79 0.09
2 3Σ+ 37 0 15078.38 15078.75 -0.37
38 0 15116.39 15116.47 0.08
39 0 15152.57 15152.46 0.11
40 0 15188.69 15188.74 0.05
41 0 15218.66 15218.79 0.13
42 0 15253.72 15254.16 0.44
43 0 15287.17 15287.52 0.35
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tional levels by resonant coupling. At small internuclear distances the 2(1) state
correlates to the 2 3Σ+ state and the 4(1) state correlates to the 1 1Π state. Hence
the long range states 2(1)∼4(1) used for PA are themselves participants in this
five-state perturbation complex, so that further study may reveal the influence of
other nearby states on this strongly coupled pair.
To estimate the formation rate of the X 1Σ+, v′′ = 0 level via photoassoci-
ation, we calibrated the ion signal to determine the number of KRb+ ions/pulse.
Taking the velocity of the KRb molecules as ∼0.3 m/sec based on the MOT
temperature of ∼ 300µK and estimating a detection volume of 0.45 mm3 deter-
mined by the pulsed laser diameter of 0.76 mm and the nominal MOT thickness
of 0.1 mm, the production rate of molecules in v′′ = 0 state is approximately
5 × 103 molecules/second. Comparing with other recent results using single-step
PA alone, this production rate is of the same order as the results [26] for LiCs and
about a factor of ten smaller than for NaCs [25].
3.5 Future Directions
The main caveat in using a single-step photoassociation process rather than a
method of coherent transfer is the unwanted population of various higher vi-
brational levels due to spontaneous radiative decay. However a pure sample of
rovibrational ground state molecules is still achievable after the PA process by
several possible methods. As discussed in [44], vibrational cooling of the sample
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is one option. Another option for obtaining a pure sample of absolute ground
state molecules is to photodissociate the vibrationally excited molecules, so that
the residue is a pure sample of v′′ = 0. This process has been previously carried
out successfully for K2 [14]. Either method can be efficient, so the choice between
them depends to some extent on the availability of suitable lasers.
Simulation for optically pumping higher v′′ levels of the X -state via excited
state down to X 1Σ+, v′′ = 0 has been investigated [58]. This is of particular
interest, since unlike the scheme reported in [44] where the optical pumping is a
femtosecond laser, new schemes for optical pumping have been successfully imple-
mented for NaCs [59] and Cs2 [60] using just broadband diode lasers. For
39K85Rb
we have investigated the possibility of optically pumping the high-v′′ levels via the
2 1Σ+ and the 1 1Π states. Lets assume there are 10 molecules in each level from
v′′ = 0 − 9 of the X -state at time t= 0s. Then after optical pumping via 2 1Σ+
state for 500 s the population in v′′ = 0 of X -state is 35 while v′′ = 1 reduces to
v′′ = 6 and v′′ = 2−9 goes to zero. Thus the population in the v′′ = 0 increases by
a factor of 3.5 after optical pumping. Similar simulation for optical pumping via
1 1Π state provides an increase in population of v′′ = 0 of the X-state by a factor
of 5.5. Further investigation is necessary for the optimal choice of the excited
state through which the pumping can be driven.
Once the optical pumping is successfully implemented the next step will be
to trap the X 1Σ+, v′′ = 0 molecules in an optical trap. The availability of a CO2
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laser in our lab is a good starting point to attempt to trap the KRb molecules in
their lowest possible vibrational level and study inelastic and reactive collisions.
3.6 Conclusion
We have demonstrated a simple, single-step path for the efficient formation of KRb
molecules in the v′′ = 0 level of the X 1Σ+ state. It is based on photoassociation
to a pair of strongly resonantly coupled levels of the 2(1)∼4(1) excited electronic
states which in the short-range corresponds to the 2 3Σ+ and 1 1Π states. The pro-
cess forms ∼ 5×103 KRb molecules/second in the v′′ = 0 level of the ground state.
It achieves this with just a single laser and works well at typical uncompressed
MOT densities, with atomic temperatures of a few hundred µK. Further gains
might be achieved by purifying the vibrational distribution into the v′′ = 0 level
and optically trapping them to allow studies of collisions and interactions. This
process provides continuous production and accumulation of the absolute ground
state molecules without complicated transfer techniques. Finally the observation
of suitable pairs of resonantly coupled states for KRb, together with related ob-
servations in LiCs, NaCs and RbCs, inspires confidence that similar pathways can
be found for other heteronulcear molecules as predicted in [17].
Chapter 4
Spectroscopy of the 3 3Π Excited State
The topics that we will be dealing in this chapter, apart from the spectroscopic
details of the 3 3ΠΩ double-minimum excited state of KRb, are the diabatic and
adiabatic potentials. The chapter begins with discussions on the background
theory of angular momentum of diatomic molecules and diabatic/adiabatic po-
tentials. The next section describes a scheme for modifying the existing adiabatic
potentials of 3 3Π state to approximate a set of diabatic potentials that includes
spin-orbit effects. In section 4.3 I describe our Results and Analysis section. This
part consists of the photoassociation (PA) and resonance enhanced multiphoton
ionization (REMPI) spectra, analysis of the PA and REMPI spectra and discus-
sion on the perturbations between the 3 3Π and 4 3Σ+ state.
4.1 Theoretical Background
The electronic Schro¨dinger equation for a diatomic molecule A–B, utilizing the
Born-Oppenheimer approximation can be written as [37],
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Hˆelψel = Eelψel (4.1)
where the Hamiltonian is expressed as,
H = −
∑
i
h¯2
2me
∇2i −
∑
i
e2ZA
4πǫ0rAi
−
∑
i
e2ZB
4πǫ0rBi
+
e2ZAZB
4πǫ0rAB
+
∑
i
∑
j>i
e2
4πǫ0rij
(4.2)
A basic method for approximately solving equation 4.1 is accomplished by
assuming ψel is made up of molecular orbitals (MOs) and that each MO is a linear
combination of atomic orbitals. Hence information about the electronic structure
of diatomic molecules can therefore be derived from consideration of the shapes
of the molecular orbitals constructed as linear combinations of atomic orbitals.
4.1.1 Orbital Angular Momentum
The motion of the electrons in an atom takes place in a spherically symmetrical
time averaged potential. In a heteronuclear diatomic molecule the symmetry of the
field in which the electrons move is reduced so that there is only axial symmetry
about the internuclear axis. As a consequence only the component of the orbital
angular momentum of the electrons along the internuclear axis is a constant of
the motion, even then only if spin couplings are not too strong. A precession of L
takes place about the internuclear axis with constant componentML(h/2π) where
ML can have values [38]
ML = L,L− 1, L− 2, ...,−L (4.3)
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In diatomic molecules, states differing only in the sign of ML have the same
energy although states with different |ML| have in general widely different energies.
As the strength of the field increases, precession of L increases about the axis of
the field and consequently looses its meaning as angular momentum while its
component ML remains well defined. Hence the electronic states of diatomic
molecules are classified on the according to the value of ML instead of L and are
labeled by
Λ = |ML|, (4.4)
which is the projection of the electronic orbital angular momentum along the
internuclear axis.
For a given value of L, the quantum number Λ can take the values
Λ = 0, 1, 2, 3, ..., L, (4.5)
and the corresponding molecular state is designated as Σ, Π, ∆, Φ..., analogous
to the designation of S, P, D, F,... for atomic states.
4.1.2 Spin Angular Momentum
The spins of the individual electrons in the diatomic molecule form a resultant S.
The corresponding quantum number S is an integer or half-integer depending on
whether the total number of electrons in the molecule is even or odd. In Λ = 0
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states, the resultant spin S is fixed in space as long as the molecule does not
rotate and if there is no external magnetic field. However, for Λ 6= 0 states, there
is an internal magnetic field in the direction of the internuclear axis due to the
orbital motion of the electrons. This field causes causes a precession of S about
the internuclear axis with a component MS(h/2π), which in case of molecules is
denoted by Σ. The allowed values of Σ are
Σ = S, S − 1, S − 2, ...,−S. (4.6)
Hence 2S+1 different values of Σ are possible, both positive and negative, as well
as zero for integer values of S.
4.1.3 Total Electronic Angular Momentum
The projection of the total electronic angular momentum about the internuclear
axis, denoted by Ω, is obtained by adding Λ and Σ. The quantum number of the
resultant electronic angular momentum about the internuclear axis is thus given
by
Ω = |Λ + Σ|. (4.7)
If Λ 6= 0, according to Equation 4.6 there are 2S+1 different values of Λ+Σ
for a given value of Λ. As a result of the interaction of S with the magnetic field,
these different values of Λ + Σ correspond to different energies of the resulting
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molecular states. Thus an electron with a given Λ 6= 0 splits into a multiplet
of 2S+1 components. On the other hand, if Λ = 0, there is no magnetic field
in the direction of the internuclear axis and consequently no splitting occurs.
Nevertheless 2S+1 is called the multiplicity of a state, regardless of whether or
not an actual splitting is present.
A B
Ω
Λ Σ
L
S
J
R
Fig. 4.1: Coupling of Electronic Angular Momenta in a diatomic molecule [37].
The notation for various angular momenta and their projections on the
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internuclear axis, is summarized in the Figure 4.1.
On a smaller scale, the nuclear spin I couples with J to form the total
angular momentum F ,
F = J + I (4.8)
giving rise to relatively small splittings called hyperfine structure. The selection
rules for F are ∆F = 0,±1 and ∆MF = 0,±1.
4.1.4 Coupling of Angular Momenta: Hund’s Coupling Cases
Let us now consider, in a molecule, the influence of rotational and electronic
motions on each other. This effort is important in order to find out the quantum
numbers that best describe the different types of electronic states, the energy
dependence and the symmetry properties of the eigenfunctions. The different
angular momenta in the molecule (electron spin (S), electronic orbital angular
momenta (L), angular momentum of nuclear rotation (R)) form a resultant that
is designated as J . Also, the total angular momentum exclusive of electron spin
S is designated as N . We now discuss the most common ways in which these
angular momenta can be coupled in a diatomic molecule giving rise to Hund’s
Coupling cases.
Hund’s coupling cases are idealized cases where specific terms appearing
in the molecular Hamiltonian and involving couplings between angular momenta
are assumed to dominate over all other terms. There are five cases, traditionally
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notated with the letters (a) through (e). However in this chapter we will just be
discussing three of the cases, namely Hund’s case (a), (b) and (c).
Hund’s Case (a)
In this case the interaction of the nuclear rotation with the electronic spin is
very weak, whereas the electronic motion itself is coupled very strongly to the
internuclear axis joining the nuclei.
The good quantum numbers in case (a) are Λ,S,Σ,J and Ω. There are
2S+1 fine-structure states, each with rotational levels having relative energies
BJ(J + 1) starting with J = Ω.
The nomenclature of the molecular states in this basis set is n2S+1ΛΩ.
Hund’s Case (b)
In this case the spin-orbit coupling weak or non-existent. The projection of angular
momentum Λ and R form a resultant designated by N . The angular momenta
N and S then couple to form the total angular momenta J .
The good quantum numbers in case (b) are Λ,S, and N . The rotational
levels have relative energies BN(N + 1) starting with N = Λ.
The nomenclature of the molecular states in this basis set is n2S+1Λ.
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Hund’s Case (c)
In this case the spin-orbit coupling is stronger than the interaction with the in-
ternuclear axis. The electronic angular momentum projection Ω and the angular
momentum of nuclear rotation R form the resultant angular momentum J .
The good quantum numbers in case (c) are Ω and J and the rotational
levels have relative energies BJ(J + 1).
The nomenclature of the molecular states in this basis set is nΩ.
4.1.5 Adiabatic and Diabatic Potentials
In a diatomic molecule, a potential energy curve describes the potential energy
of the system as the two atoms are brought closer to, or moved away from, one
another. When computing multiple potential energy curves for a system, the
possibility of curve crossings occurs. What happens at the point of intersection is
of interest here.
The Born-Oppenheimer approximation is based on the fact that, since the
nuclei are very much heavier than the electrons in a molecular system, the motion
of the electrons and the nuclei can be separated. In this approximation, the nuclei
are effectively stationary on the timescale of electron movement; or, conversely, as
the nuclei move, the electrons react to nuclear changes instantaneously. Under this
approximation, the non-crossing rule was quantitatively formulated in 1929 by von
Neumann and Wigner, which states that: potential energy curves corresponding
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to electronic states of the same symmetry cannot cross.
The potential energy curves derived under the Born-Oppenheimer approx-
imation are essentially adiabatic potential curves. Avoided crossings are typical
of these curves, where as, a potential curve where actual intersections are substi-
tuted for the avoided crossings is termed as a diabatic curve. The comparison of
diabatic and adiabatic curve is pictorially depicted in Figure 4.2.
Now, to qualitatively understand the behavior of the adiabatic and diabatic
transitions, we consider a two level system represented in Figure 4.3. Say, there
is an avoided crossing between the state |1 > and |2 > and the interaction matrix
is represented by H12. Then, if the system starts at |1 >, the probability of
undergoing a transition to |1′ > is given by Landau-Zener formula,
P = exp[−2π
|H12|
2
h¯dE
dt
] (4.9)
Hence if the system is moving fast so that “kT”>> H12 then, it will follow the
diabatic curve. On the other hand, if the system is moving slowly, “kT”<< H12 ,
then the system will follow the adiabatic curve. For intermediate velocity of the
system the branching ratio between the adiabatic and diabatic curve is estimated
using Equation 4.9.
4.2 Modified Ab Initio Potential Energy Curves
Due to spin-orbit interactions, the 3 3Π state splits into four separate potentials
with Ω = 0+, 0−, 1 and 2. We find that the Ω = 0+ and 0− components are split by
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ADIABATIC
DIABATIC
Fig. 4.2: Schematic representation of adiabatic and diabatic potential curves.
The top panel shows two adiabatic states around an avoided crossing.
The bottom panel shows the similar situation for a pair of two diabatic
states where the two states intersect instead of avoiding the crossing.
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Fig. 4.3: Energy of the two level system, representing the avoided crossing be-
tween |1 > and |2 >.
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Fig. 4.4: Plots of all available theoretical Hund’s case (c) potentials arising from
the K(4s)+Rb(4d) and K(4s)+Rb(6s) asymptotes . The Ω = 0+, 0−, 1
and 2 components are shown separately. In each case, the dashed line
curve indicates the diabatic potential constructed to approximate the
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Fig. 4.5: Modified potential energy curves showing the spin-orbit components
of the 3 3Π state. The inset (a) shows the entire potential curves, while
the main figure (b) shows an expanded view in which the Ω = 0, 1 and
2 components are distinct. The Ω = 0± components, as expected, are
nearly degenerate.
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much less than the vibrational spacing, so it suffices to determine three potential
curves for 3 3ΠΩ with Ω = 0, 1, and 2. Unfortunately, there are no direct ab initio
calculations of the requisite Hund’s case(a) potentials. Instead, the available ab
initio potentials include a calculation of the potential in the short-internuclear
range notation (appropriate for Hund’s case (b)) for the 3 3Π state without spin-
orbit terms [29], as well as calculations of pure case (c) potentials that correspond
to the Ω = 0± and 2 components, but not Ω = 1. To construct approximate case
(a) potentials for the analysis of our experimental data, we modify the existing
Hund’s case (c) ab initio potentials where available, and use the spin-orbit free
3 3Π potential to approximate the Π1 component.
Figure 4.4 shows all of the available case (c) potentials converging to the
K(4s)+Rb(4d) and K(4s)+Rb(6s) atomic asymptotes [29], with panels (a), (b),
and (d) depicting Ω = 0+, 0−, and 2. There are numerous avoided crossings, and
in the case (a) limit, it is the diabatic continuation of each curve across these gaps
between adiabatic potentials that is needed. We have constructed approximate
potential curves for the Π0− ,Π0+ , and Π2 components of the 3
3Π state by using
cubic splines to smoothly connect the adiabatic curves at the crossings. The
dashed curves in Figure 4.4 show the resulting case (a) potentials. For the Π1
component this procedure is impossible because the required 9(1) state has not
been calculated, so instead we approximate the case (a) potential by directly using
the calculated potential curve of the Hund’s case (b) 3 3Π state, which is shown by
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the dashed curve in panel (c). This approximation is reasonable because the case
(b) potential curve represents the weighted average of all spin-orbit components,
which should lie close to the middle Π1 component. It is also in good agreement
with our experimental results, as we show in Section 1.3.
In Figure 4.5, all four of the resulting approximate potential energy curves
are shown in an expanded view, together with an inset showing their entire range.
The near degeneracy of the Ω = 0± components is evident, as is typical in Hund’s
case (a), and from now on we will refer to them together as Ω = 0. Our exper-
imental observations confirm that the Ω = 0± splitting is quite small. We have
provided the listing of the modified potentials in the appendix.
At long range the 3 3Π potentials correlate to the K(42S1/2)+Rb(4
2DJ)
atomic states, and the fine-structure splitting between J = 3/2 and J = 5/2
is only 0.44 cm−1. The much larger molecular fine-structure must gradually con-
verge to this small value as the potentials approach their asymptotes. This is
quantitatively represented in Figure 4.6, which shows that the spin-orbit split-
tings are largest (∼36 cm−1) near the bottom of the well (∼5.5 A˚) and decrease
rapidly at long range.
4.3 Results and Analysis
In this section, we first describe our PA and REMPI spectra, then analyze them
using the potentials described in section 4.2. We also discuss possible perturba-
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tions due to vibrational near-degeneracy between levels of the 3 3ΠΩ and 4
3Σ+
states.
4.3.1 Photoassociation Spectra
Figure 4.7 shows PA spectra near 12535.1 cm−1. In these spectra two rotational
bands are identified. The stronger KRb+ signals correspond to J ′ = 0 − 3 of
the 3(0+) state with v′ = 118 (the 1 3Π state at short range) and the weaker
to J ′ = 2 − 4 of the 5(1) state with v′ = 17 (the 2 1Π state at short range),
for which J ′ = 2 and 3 are most prominent. We were not able to observe the
J ′ = 1 level of the 5(1) state in any of our PA scans. The set of three PA spectra
with three different detection laser frequencies confirms the reproducibility of the
spectral features both for the strong and the weak signals. The assignments of
the PA spectra are based on previous experimental observation of the 3(0+), v′
levels by photoassociation in a MOT [15]. The 5(1), v′ levels were experimentally
observed for higher values of J ′ by optical-optical double resonance polarization
spectroscopy [51]. They were extrapolated to predict the positions of the 5(1),
v′, J ′ = 1− 4 levels [17].
The vibrational numbering of the 5(1) state is unambiguous since numerous
levels were previously experimentally observed [51]. However, for the 3(0+) state,
we have previously observed only five vibrational levels of the 3(0+) state near the
asymptote [15]. so the vibrational numbering is uncertain. Calculating vibrational
91
12535.1 12535.2 12535.3 12535.4
a)
 
 
 
2                      3                              4 = J', 5(1)
0    1        2            3 = J', 3(0+)
16610.35 cm-1
b)16624.76 cm-1
c)
 K
R
b+
 (A
rb
itr
ar
y 
U
ni
t)
16644.01 cm-1
Photoassociation Laser Frequency (cm-1)
Fig. 4.7: PA spectra indicating the overlapping 3(0+) and 5(1) bands, with
the REMPI detection laser frequency fixed at a) 16610.35 cm−1 b)
16624.76 cm−1 and c) 16644.01 cm−1. The three PA spectra confirm
the reproducibility of the spectral features. The 5(1), J ′ = 2 line is
from v′ = 17 and correlates to the short-range 2 1Π state [17] . The
dashed line indicates the predicted position of 5(1). J ′ = 4 line. This is
the excited state that produces a 3Σ+ state molecules with v′′ = 14−25,
and is marked by an asterisk.
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levels of the 3(0+) state using LEVEL [36] and the ab initio potential, we find
that v′ = 118 of 3(0+) is the closest match to the present photoassociation line.
Thus we will refer to the 3(0+) band reported in Figure 4.7 as v′ = 118, though
the absolute numbering remains uncertain.
4.3.2 REMPI Spectra
The REMPI spectra obtained by keeping the PA laser fixed at the 5(1), v′ =
17, J ′ = 2 level are shown in Figure 4.8. The spectra consist of transitions from
the a 3Σ+, v′′ = 14−25 levels to the 3 3Π0, v
′ = 2−12 levels, the 3 3Π1, v
′ = 2−11
levels and the 3 3Π2, v
′ = 2 − 11 levels. The expanded spectrum is shown in
Figures 4.9, 4.10, and 4.11, showing transitions to all three Ω components of the
3 3Π state. In Figures 4.9, 4.10, and 4.11, only a limited number of v′′ transitions,
mainly 19-20 and 22-24, are shown to avoid congestion. Note that, in the figures
showing the expanded REMPI spectra (Figures 4.9, 4.10, and 4.11), the numbers
above the top of the horizontal bars indicate v′′, whereas the numbers on the side
of the vertical bars indicate v′.The full set of assignments is listed in Table 4.1
and the corresponding transition energies are provided in the appendix.
We have used a previously unassigned portion of the REMPI spectrum re-
ported by Wang et al. [61] (obtained with PA to the 3(0−), J ′ = 1 level), partially
overlapping with the present experiment, to confirm line assignments for line tran-
sitions with poor signal-to-noise ratio. The spectra are calibrated using atomic
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Fig. 4.8: REMPI spectra with the PA laser fixed on the 5(1), v′ = 17, J ′ =
2 level, at 12535.13 cm−1. The strong signals indicated by vertical
bars correspond to atomic Rb nd←5s two-photon transitions for which
Rb+ leaks into the KRb+ detection channel. A variety of transitions
corresponding to 3 3ΠΩ, v
′←a 3Σ+, v′′ bands were observed, where v′ =
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Fig. 4.9: An expanded portion of the REMPI Spectrum shown in Figure 4.8,
covering the range from 16540-16620 cm−1. a) 3 3Π0, v
′←a 3Σ+, v′′, and
b) 3 3Π1, v
′←a 3Σ+, v′′. There are no 3 3Π2, v
′←a 3Σ+, v′′ transitions in
this region. The numbers at the top axis indicate atomic Rb two-photon
transitions.
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Fig. 4.10: An expanded portion of the REMPI spectrum shown in Figure 4.8,
covering the range from 16540-16620 cm−1. a) 3 3Π0, v
′←a 3Σ+, v′′ ,
b) 3 3Π1, v
′←a 3Σ+, v′′ , and c) 3 3Π2, v
′←a 3Σ+, v′′ . The numbers at
the top axis indicate atomic Rb two-photon transitions.
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Fig. 4.11: An expanded portion of the REMPI Spectrum shown in Figure 4.8,
covering the range from 16720-16840 cm−1. a) 3 3Π0, v
′←a 3Σ+, v′′,
b) 3 3Π1, v
′←a 3Σ+, v′′, and c) 3 3Π2, v
′←a 3Σ+, v′′. The solid vertical
lines indicate the line positions while dashed lines indicate the prob-
able line positions. The numbers at the top axis indicate atomic Rb
two-photon transitions.
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Table 4.1: Table showing assignments of 3 3ΠΩ, v
′←a 3Σ+, v′′ transitions, above
the noise level.
v′ 3 3Π0, v
′′ 3 3Π1, v
′′ 3 3Π2, v
′′
2 18,17,15 20,19 20,19
3 20,19,17 24,20,19,18 23,20,19,16
4 22,20,19,18,16,14 21,20,19,17 20,19,17,15
5 20,19,18 24,20,19,18,17,16 24,22,19,18,14
6 24,19,18,17,16 24,20,19 24,23,19,15
7 24,20,19 24,23,20,18 19,15
8 24,23,19,17 24,18 19
9 24,15 25 18
10 19 20 19
11 19 20 23
12 20,22
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Table 4.2: Contributions of various J ′s (of 3 3ΠΩ states) to the overall lineshape
of the REMPI signals.
J ′ 3 3Π0 3
3Π1 3
3Π2
0 10% 0 0
1 20% 20% 0
2 28.58% 40.48% 38.1%
3 30% 21.67% 33.35%
4 11.43% 17.8% 28.57%
two-photon resonances, labeled by “nd”, which are visible because the long-time
tail of the atomic Rb+ time-of-flight distribution leaks into the time gate used
for KRb+. The accuracy of the vibrational energies is determined by the REMPI
laser linewidth, which is 0.5 cm−1. The REMPI signal strength is dependent on
the combination of the efficiency of a-state molecule formation in various v′′ levels
by PA via the 5(1), v = 17, J = 2 level and the efficiency of the bound-bound
transitions between the vibrational levels of the a 3Σ+ and the 3 3ΠΩ states.
4.3.3 Analysis and Discussion
We have successfully assigned the vibrational levels v′ = 2 − 11 of the 3 3Π1 and
3 3Π2 state and v
′ = 2 − 12 of the 3 3Π0 state. From these observed transitions
we obtain the total energy (Ev′J ′) for a particular vibrational level v
′ which has
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Fig. 4.12: Comparison of theoretical and experimental values of the vibrational
spacings, ∆Gv+1/2 (cm
−1) for the levels of 3 3ΠΩ states, where (a)
shows the 3 3Π0 state, (b) the 3
3Π1 state, and (c) the 3
3Π2 state.
The theoretical values are obtained using LEVEL [36] with the mod-
ified potentials reported in section 4.2. The experimental values are
obtained from the present work. The insets show an expanded view
of the regions indicated by the rectangles (orange).
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a spread over its rotational levels (J ′) (these are not resolved due to the laser
linewidth). The total energy is given by Ev′J ′ = Tv′ + J
′(J ′ + 1)Bv′ where T
′
v is
the vibrational term energy and Bv′ is the rotational constant. Hence to obtain
T ′v from Ev′J ′ it is required to estimate the contributions of various J
′s to the
overall lineshape of the transitions. In Table 4.2, for each Ω component of the
3 3Π state, we estimate contributions of various Js, using Ho¨nl-London factors
[38]. To obtain the numbers in Table 4.2, we first calculate the spread of J ′s in
the a-state resulting from the PA process and then the spread of J ′s in the 3 3Π
state due to the REMPI. From the numbers in Table 4.2, it is possible to calculate
the approximate shifts in Ev′J ′ values to obtain the T
′
v values. For the 3
3Π0 state
the shift is ∼8Bv′ , for the 3
3Π1 state the shift is ∼9Bv′ and for the 3
3Π2 state the
shift is ∼12Bv′ . For example, the theoretical Bv′ values (calculated using LEVEL
[36]) for v′ = 3 of 3 3Π0, 3
3Π1 and 3
3Π2 states are 0.02235 cm
−1, 0.02309 cm−1
and 0.02652 cm−1, respectively. Then the required shifts in Ev′=3,J ′ to obtain
Tv′=3 for the 3
3Π0, 3
3Π1 and 3
3Π2 states are 0.18 cm
−1, 0.21 cm−1 and 0.32 cm−1
respectively. For our experiment these shifts are well within the laser linewdith,
so there is no significant difference between Ev′J ′ and Tv′ .
The vibrational term energies (Tv′) and the vibrational spacings (∆Gv+1/2)
of each of the Ω components of the 3 3Π states are tabulated in Tables 4.3, 4.4
and 4.5. In these tables we also compare the experimental values of Tv′ and
∆Gv+1/2 with theoretical predictions (calculated using LEVEL [36]) based on the
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Table 4.3: Comparison of experimental and theoretical term energies Tv′ values
of the vibrational levels v′ = 0−12 of the 3 3Π0− state and also report
their differences in energy (∆T 2v′). We also compare the theoretical
vibrational term energies of the 3 3Π0− and 3
3Π0+ states, for the
vibrational levels v′ = 0− 12 (∆T 1v′). The term energies are reported
with respect to the K(4S1/2)+Rb(5S1/2) asymptote and are in units
of cm−1. The “†” indicates uncertain vibrational assignment due to
poor signal-to-noise ratios.
v′ Experiment Theory ∆Tv′
1 ∆Tv′
2
Tv′ ∆Gv+1/2 Tv′ ∆Gv+1/2
0 - - 16600.75 38.32 0.49 -
1 - - 16639.07 36.77 -0.56 -
2 16541.96 33.75 16675.83 33.89 -1.56 133.88
3 16575.70 25.73 16709.73 24.85 -0.07 134.02
4 16601.44 12.62 16734.58 13.48 -0.60 133.15
5 16614.06 23.74 16748.07 23.59 -0.46 134.01
6 16637.79 23.49 16771.66 23.38 -0.62 133.86
7 16661.28 25.04 16795.04 24.98 -1.02 133.75
8 16686.33 27.78 16820.01 26.22 -0.85 133.68
9 16714.11 25.40 16846.23 26.99 -0.69 132.13
10 16739.51 28.23 16873.22 28.18 -0.28 133.71
11† 16767.74 29.31 16901.40 29.36 0.10 133.66
12 16797.05 - 16930.76 30.04 0.66 133.71
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Table 4.4: Comparison of experimental and theoretical term energies Tv′ of the
vibrational levels v′ = 0 − 11 of the 3 3Π1 state. The term energies
are reported with respect to the K(4S1/2)+Rb(5S1/2) asymptote and
are in units of cm−1.
v′ Experiment Theory ∆Tv′
Tv′ ∆Gv+1/2 Tv′ ∆Gv+1/2 Theory-Expt.
0 - - 16639.40 37.35 -
1 - - 16676.75 35.54 -
2 16573.33 31.30 16712.29 31.60 138.96
3 16604.63 14.33 16743.89 14.32 139.26
4 16618.96 18.52 16758.21 18.67 139.25
5 16637.48 22.91 16776.88 22.44 139.40
6 16660.39 22.82 16799.32 23.30 138.93
7 16683.21 25.66 16822.62 25.33 139.41
8 16708.87 27.31 16847.95 26.26 139.08
9 16736.18 25.33 16874.21 27.29 138.03
10 16761.51 28.52 16901.50 28.05 139.99
11 16790.03 - 16929.55 28.68 139.52
103
Table 4.5: Comparison of experimental and ab initio term energies Tv′ of the
vibrational levels v′ = 0−11 of the 3 3Π2 double minimum state. The
term energies are reported with respect to the K(4S1/2)+Rb(5S1/2)
asymptote and are in units of cm−1. The “†” indicates uncertain
vibrational assignment due to poor signal-to-noise ratios.
v′ Experiment Theory ∆Tv′
Tv′ ∆Gv+1/2 Tv′ ∆Gv+1/2 Theory-Expt.
0 - - 16678.48 34.36 -
1 - - 16712.85 35.33 -
2 16610.26 24.93 16748.18 25.08 137.92
3 16635.18 9.47 16773.26 9.85 138.08
4 16644.65 22.78 16783.11 22.45 138.46
5 16667.43 21.47 16805.55 21.53 138.12
6 16688.90 24.18 16827.08 23.90 138.18
7 16713.08 25.19 16850.98 25.14 137.90
8 16738.27 25.73 16876.12 26.34 137.85
9† 16764.00 27.51 16902.46 27.18 138.46
10 16791.51 27.89 16929.63 27.93 138.12
11† 16819.41 - 16957.56 28.54 138.16
104
4.0 4.5 5.0 5.5 6.0
16.50
16.55
16.60
16.65
16.70
16.75
16.80
16
15
14
13
12
43 +, v'=11
1
0 =v', 33
1
~ 139 cm-1
 
 
11
10
9
8
7
6
5
4
3
2
En
er
gy
 (1
03
 c
m
-1
)
R (Å)
Fig. 4.13: The solid (black) double minimum potential curve shows the 3 3Π1
state, shifted down by 139 cm−1 (indicated by the double headed
arrow). The original approximate potential curve is indicated by the
dashed (red) line. The solid horizontal lines indicate the vibrational
level positions of the 3 3Π1 state for which v
′ = 0 and 1 levels are
calculated but not experimentally observed. The other solid (blue)
potential curve is the 4 3Σ+ state. The horizontal dashed lines indicate
the vibrational levels of the 4 3Σ+ state that have been experimentally
observed [61]. Note the near-degeneracy of the v′ = 6 and 8 levels of
the 3 3Π1 state with the v
′ = 15 and 16 levels of the 4 3Σ+ state,
respectively.
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approximate curves described in section 1.2. The calculated values of Tv′ are higher
than the experimental values by an average of ∼133.6 cm−1 for the 3 3Π0 state,
∼139.3 cm−1 for the 3 3Π1 state and ∼138.1 cm
−1 for the 3 3Π2 state. However the
experimental vibrational spacings, ∆Gv+1/2, are within 6− 8% of the theoretical
values, as can be seen in Figure 4.12. The dip in the plot of ∆Gv+1/2 vs. energy
near 16600 cm−1 (Figure 4.12) is due to the double-minimum character of the
potential, evident in Figure 4.13. Note that there are three v′s, 3 3Π0, v
′ = 11
and 3 3Π2, v
′ = 9, 11, for which the assignments are uncertain due to the poor
signal-to-noise ratio available in that portion of the REMPI spectrum.
We conclude that the theoretical potentials reported in section 4.2, when
shifted down by 134-139 cm−1, provide accurate potential energy curves for the
double minimum 3 3ΠΩ state in the region of the observed vibrational levels. In
Figure 4.13 we show the 3 3Π1 state, where the dashed curve indicates the ab initio
potential and the solid curve shows this potential shifted down by 139 cm−1.
Also shown in Figure 4.13 is the portion of the 4 3Σ+ potential curve that
overlaps with the 3 3ΠΩ=1 state. The 4
3Σ+, v′ = 1 − 16 levels were previously
experimentally observed [61]. As can be seen in the figure, some vibrational levels
of these two states lie in close proximity. Pairs closer than ∼2 cm−1 include the
4 3Σ+, v′ = 15 − 3 3Π, v′ = 6 and the 4 3Σ+, v′ = 16 − 3 3Π, v′ = 8. This suggests
that these levels may appreciably perturb each other. Perturbations may also be
significant for the unobserved v′ = 17 level of the 4 3Σ+ state and the v′ = 10
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level of the 3 3Π state. However, these perturbations are not obvious in the data
in Table 4.4 given the ∼0.5 cm−1 uncertainty from the pulsed laser linewidth.
Higher resolution studies would be desirable. This might be accomplished by
measuring direct PA from ground-state atoms to the 3 3Π state at ∼17,000-18,000
cm−1, which would require a high-resolution cw laser.
The perturbations between the 3 3Π and 4 3Σ+ states could be called a het-
erogeneous perturbation, especially at short range since ∆Λ = 1. However, this
perturbation is complex since both of the participating electronic states have mul-
tiple spin-orbit components at intermediate and long range. The four spin-orbit
components of the 3 3Π state (with Ω = 0, 1 and 2) are split significantly, while
the two Ω = 0 components, 0+ and 0−, are only slightly split. The two spin-orbit
components of the 4 3Σ+ state, 0− and 1, are presumably slightly split, although
this was not observed in the original report concerning this state [61]. Thus two
types of couplings are possible:
(i) ∆Ω = 0,∆Λ = 1 for the 3 3Π/4 3Σ+ combinations 0−/0−; 1/1
(ii) ∆S = 0,∆Ω = ∆Λ = 1 for the combinations 0+/1; 0−/1; 1/0−; 2/1
For type (i), the Hamiltonian will include a term of the form 〈3 3ΠΩ|L ·
S|4 3Σ+Ω〉 and for type (ii) it will include a term of the form 〈3
3ΠΩ|J · L|4
3Σ+Ω′〉
[39]. The perturbation can be observed in the slightly irregular behavior of the
experimental vibrational energy differences in the 4 3Σ+ state compared to the
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smooth behavior of those differences calculated from a single unperturbed ab initio
potential [61]. A figure showing this irregular behavior on the scale of 1 cm−1 is
shown in Figure 4.14.
We have not observed levels above v′ = 12 of the 3 3ΠΩ states, only because
REMPI scans were not performed beyond the reported range. Our inability to
observe the levels v′ = 0 and 1 is probably due to the lack of Franck-Condon
overlap of these two levels with the a 3Σ+, v′′ levels. This is evident if we focus
on the inner turning points (Rv−) of the a
3Σ+ and 3 3Π states. As previously
discussed, the a 3Σ+ state is mainly populated in the range v′′ = 14 − 25. The
corresponding inner turning points are R15′′−=4.99 A˚ and R25′′−=4.92 A˚. However
Figure 4.13 indicates that the 3 3Π1, v
′ = 0 and 1 levels lie deep in the outer well
at a distance larger than 4.99 A˚, yielding a poor Franck-Condon overlap. These
Franck-Condon Factors (FCFs) have been calculated using LEVEL [36] and are
shown in Figure 4.15 for transitions from a 3Σ+, v′′ = 20 and 24 to 3 3Π1, v
′ =
0−11. The FCFs for the 3 3Π1, v
′ = 0 and 1 levels are negligible and for the v′ = 2
level they are relatively weak, in agreement with our experimental observations
and the above argument. We note that FCF oscillations are sensitive to details of
the potential. So we do not expect a perfect match to the measured spectrum.
Also, to help characterize this double-well potential, Figure 4.16 shows the
vibrational wavefunctions of this state for all the observed vibrational levels. The
outer well is deeper than the inner well, as shown in Figure 4.13. Thus the v′ =
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Fig. 4.14: An expanded portion of the ∆Gv+1/2 vs Energy plot of 4
3Σ+ state re-
ported in [61] . This figure shows the slightly irregular behavior of the
experimental vibrational energy differences (open circle) in the 4 3Σ+
state compared to the smooth behavior of those differences calculated
from a single unperturbed ab initio potential (red disks).
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Fig. 4.15: The FCFs for 3 3Π1, v
′ = 0 − 11←a 3Σ+, v′′ = 20 and 24, calculated
using LEVEL [36].
0− 2 levels belong entirely to the outer well, while the v′ = 3 wavefunction has a
small penetration into the inner well, which is apparent from both its level position
(Figure 4.13) and wavefunction (Figure 4.16). Above v′ = 3, the amplitude of the
wavefunction gradually increases in the inner well region and from v′ = 7 onwards
the wavefunctions have a smooth envelope spanning both wells.
The other spin-orbit components (Ω = 0 and 2) of the 3 3Π state should
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Fig. 4.16: The vibrational wavefunctions of the 3 3Π1 double-minimum state for
v′ = 0− 11, calculated using LEVEL [36].
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follow very similar arguments to those just discussed for Ω = 1.
4.4 Conclusion
In this chapter we have discussed, REMPI spectra of the 3 3ΠΩ states in ultracold
39K85Rb to observe the double minimum 3 3ΠΩ states for vibrational levels v
′ =
2− 11 of the Ω = 1 and 2 components and v′ = 2− 12 of the Ω = 0 component.
Molecules in the a 3Σ+ state are formed by use of a PA laser fixed at 12535.13 cm−1
which corresponds to the 5(1), v′ = 17, J ′ = 2 level. We are able to assign the
spin-orbit components of the 3 3Π state based on theoretical potentials obtained
by modifying the existing ab initio potentials [29]. Also, we predict that the 4 3Σ+
and the 3 3ΠΩ states may perturb each other for certain vibrational levels, which
is an interesting topic for further investigation.
This new spectroscopic information for the excited electronic states of KRb
provides a better understanding of this molecule. It removes the ambiguity in the
electronic and vibrational energies of the excited states in this energy region, thus
providing new opportunities for different transfer pathways for future experiments
on ultracold molecules.
Chapter 5
Spectroscopy of the 3 3Σ+ Excited State
This chapter discusses the spectroscopy of the 3 3Σ+ Excited State of KRb. I have
obtained both high-resolution PA spectra and REMPI spectra, which contribute to
an accurate understanding of this triplet excited state. In this chapter I discuss the
following topics: 1) This combination of photoassociation and ionization provides
REMPI spectra which involve only the v′′ = 18−23 levels of the Ω = 1 component
of the triplet metastable state. Thus it provides an unambiguous reference a-
state spectrum for future experiments. 2) The complete list of vibrational term
values is provided along with a calculation of the predissociation widths of the
vibrational levels. 3) The vibrational spacings of the 3 3Σ+ state are within 1% of
the vibrational spacings of the lowest levels of the X 1Σ+ state. 4) The 3 3Σ+ state
can be utilized in the formation of the lowest vibrational levels of the a-state. For
this reason I provide a comparative study of the predicted efficiency of formation
of the lowest vibrational levels of the a-state via the 3 3Σ+ and the 2 3Π states.
5) In principle, this state can be used to form the lowest vibrational levels of the
X -state.
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5.1 PA and REMPI spectra
Figure 5.1 shows a PA spectrum obtained near 12535.1 cm−1 with the detection
laser fixed at 15111.7 cm−1. The KRb+ signals correspond to J ′ = 0−3 rotational
levels of the approximately v′ = 118 level of the 3(0+) state. Note that there is
some ambiguity in the vibrational numbering of the 3(0+) state since only five
vibrational levels of this state have been observed so far. However, comparison
with the theoretical predictions calculated using LEVEL [36] and the ab initio
potential [29] indicates that the v′ = 118 level of 3(0+) is the closest match to the
observed energies. Hence we tentatively accept the v′ = 118 assignment in what
follows below.
Figure 5.2 shows the REMPI spectra obtained with the PA laser fixed on
the 3(0+), v′ = 118, J ′ = 1 transition, indicated by the asterisk in Figure 5.1.
We are able to assign levels v′ = 5 − 13 of the 3 3Σ+ state. The vibrational
population distribution of the a-state molecules, formed by PA and the subsequent
radiative decay of the 3(0+), v′ = 118, J ′ = 1 level, ranges from v′′ = 18 − 23,
with the majority of population in the v′′ = 20 level. The black squares in
Figure 5.2 indicate lines arising due to leakage of the Rb+ signals from the strong
atomic resonances into the molecular ion detection channel. Figure 5.3 shows an
expanded view of the portion of the REMPI spectrum indicated by an ellipse
in Figure 5.2 to provide a typical view of the structure due to vibrational levels
of the a-state. The REMPI spectrum is sensitive to not only the population
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Fig. 5.1: PA spectra indicating the 3(0+), v′ = 118, J ′ = 0 − 3 band obtained
with the REMPI detection laser frequency fixed at 15111.7 cm−1. The
asterisk indicates the line where the PA laser was fixed to obtain the
REMPI spectra shown in Figure 5.2.
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Fig. 5.2: REMPI spectra indicating spectral features corresponding to 3 3Σ+, v′
← a 3Σ+, v′′ = 20 transitions (labeled at top). In this spectrum, tran-
sitions from v′′ = 18 − 23 of the a 3Σ+ state to the 3 3Σ+ state can be
assigned but only the transitions to v′′ = 20 are labeled for clarity. The
saturated signals marked by black squares are the atomic transitions
that have leaked into the molecular detection channel. The large red
ellipse indicates the region shown in Figure 5.3. Note that we believe
that the a-state molecules are formed exclusively in the Ω′′ = 1 com-
ponent of the a state. Note also that the Ω′ = 0− and 1 components of
the 3 3Σ+ state are not clearly resolved here or in Figure 5.3.
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Fig. 5.3: An expanded view of a portion of the REMPI spectrum shown in
Figure 5.2. This shows the vibrational vibrational structure of the a-
state. The transition from v′′ = 20 of the a-state produces the strongest
signal.
117
distribution of the ultracold molecules in the a-state, but also to the transition
probability between the lower state and the excited electronic states through which
the REMPI is performed. The uncongested spectrum allows a clear identification
of the vibrational levels populated in the metastable triplet a state. Examining
the REMPI signal for various values of v′, we find that the most populated level
is v′′ = 20 of the a-state.
5.2 Analysis
5.2.1 3 3Σ+ Vibrational Term Energies and the Tunneling Width of
the v′ = 13 Level
From the REMPI spectrum we determined the vibrational term energies for the
observed vibrational levels, as shown in Table 5.1. We also present a comparison
with previous experimental [62,63] and theoretical [29,36] values.
As previously described, we have observed the levels v′ = 5 − 13 of the
3 3Σ+ state. The last vibrational level v′ = 13, which is just below the potential
barrier at R ∼5.3 A˚, has been observed for the first time. The v′ = 13 level has a
predissociation width, due to tunneling through the potential barrier. The total
linewidth observed in the REMPI spectrum for v′ = 13 is the convolution of the
laser linewidth and the natural linewidth. The natural linewidth of this transition
can be described by the following equation:
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Table 5.1: Comparison of experimental and theoretical term energies Tv′ of the
vibrational levels of the 3 3Σ+ state. The term energies are reported
with respect to the K(4S1/2)+Rb(5S1/2) asymptote and are in units
of cm−1. Theoretical term energies and tunneling lifetimes are cal-
culated using the LEVEL [36] program and the ab initio potential
[29].
v′ Tv′ Tunneling Lifetimes
This Work Kim et al.[62] Lee et al.[63] Theory [29] (s)
0 14443.2 2.7×1028
1 14480.306 14507.7 6.6×1023
2 14544.135 14572.1 4.7×1019
3 14607.522 14635.9 7.0×1015
4 14670.2 14670.447 14699.4 1.9×1012
5 14732.6 14732.7 14732.864 14762.2 8.7×108
6 14794.5 14794.7 14794.744 14824.5 6.5×105
7 14855.7 14856.0 14856.016 14886.0 7.5×102
8 14916.4 14916.6 14916.608 14946.7 1.3
9 14976.3 14976.4 15006.7 3.4×10−3
10 15035.0 15035.2 15065.7 1.3×10−5
11 15092.6 15093.0 15123.3 7.8×10−8
12 15148.5 15148.9 15179.0 7.1×10−10
13 15201.7 15231.2 1.1×10−11
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ΓNat = ΓRad + ΓTunn (5.1)
where, ΓNat is the total natural linewidth, ΓRad is the radiative decay width,
and ΓTunn is the tunneling linewidth.
To estimate the radiative decay width of the v′ = 13 level, we used LEVEL
8.0 [36], the potential of Rousseau et al. [29] and the radiative transition mo-
ments of Ref. [64] to estimate the Einstein A-coefficient and Franck-Condon fac-
tors (FCF) for bound-bound transitions from 3 3Σ+, v′ = 13 to all the bound
vibrational levels of the a state. However, the total radiative decay rate is then
the summation of the rates for both bound-bound and bound-free transition, as
shown in Equation 5.2. Now, the precise numbers for the bound-free transitions
are not available. Hence, as a first order approximation for an estimate of the
ΓRad we used Equation 5.3.
ΓRad = ΓRad,Bound−Bound + ΓRad,Bound−Free, (5.2)
ΓRad ∼=
ΓRad,Bound−Bound∑
FCF
, (5.3)
Here, ΓRad,Bound−Bound =
∑
v′′
Av′,v′′ where Av′,v′′ is the Einstein A- coefficient,
and
∑
FCF is the sum of FCFs to all bound levels of the a state. Using this
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methodology the approximate value of the radiative decay width for v′ = 13 is
estimated to be 500 kHz -1 MHz. The radiative transition dipole moment function
obtained from Ref. [64] is shown in Figure 5.4a along with the square of the
transition dipole moment matrix element (|〈Ψv′,J ′ |M |Ψv′′,J ′′〉|
2), which is shown
in Figure 5.4b. Since the radiative decay width is much narrower in comparison
to the tunneling width for the v′ = 13 level, the linewidth observed in the REMPI
spectra is determined to a very good approximation by the laser linewidth and
the tunneling linewidth.
The laser linewidth for the present experiment is ∼0.55 cm−1 (15 GHz). To
estimate the tunneling linewidth (ΓTunn), as a first step, we again used LEVEL
8.0 to calculate the widths of individual rovibrational levels of the 3 3Σ+ state.
Then we estimated the relative intensities of the transitions, both in the PA and
REMPI process, using Ho¨nl-London factors [38]. The PA laser was fixed at the
3(0+), v′ = 118, J ′ = 1 line. Based on the the electric dipole selection rules, only
the Ω = 1 component of the a state will be populated, and the rotational levels
J ′′ = 1 and 2 will be populated equally, based on the Ho¨nl-London factors. In
the subsequent REMPI step, the relative intensity of all the possible transitions
starting from aΩ=1, J
′′ = 1, 2 levels are estimated (see Table 5.2). All the possible
a 3Σ+, v′′ = 20, J ′′ →3 3Σ+, v′ = 13, J ′ transitions (11 in total) with their intensi-
ties and linewidths, are included in the resultant tunneling linewidth for v′ = 13
level (Figure 5.5). Note that, the Ho¨nl-London factors are used to scale the area
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under the curve for each J ′′ to J ′ transitions.
Based on the intensity factors shown in Table 5.2 we used a Lorentzian line-
shape to estimate each of the 11 components of the 3 3Σ+, v′ = 13 to a 3Σ+, v′′ = 20
transition 5.5. Then the total natural lineshape was estimated, which is the sum of
all the individual profiles. To compare the resultant linewidth with experiment,
the total natural lineshape (FWHM is 0.6717 cm−1) was then convoluted with
the laser lineshape (0.55 cm−1). We used a Lorentzian fitted to an unsaturated
KRb+ signal to estimate the laser lineshape (see Figure 5.7). The total linewidth
(FWHM) thus obtained after the convolution is 1.39 cm−1. This is quite narrow
in comparison with the experimental width of 2.49 cm−1. The reason may be
due to a conservative estimation of the tunneling width calculated using the ab
initio potential. We fit a Lorentzian to the measured lineshape, obtained from
the REMPI spectrum, and extract a tunneling width of 2.0 cm−1. This fit and
the measured lineshape are shown in Figure 5.6.
To have another estimate of the tunneling width of the 3 3Σ+, v′ = 13 level,
I constructed a hybrid potential. The hybrid potential consists of the RKR po-
tential at short-range and a scaled ab initio potential at long range. To connect
the ab initio potential and the RKR potential, I kept the last point in the RKR
potential fixed. Then I scaled the ab initio potential (with respect to the disso-
ciation asymptote) by a factor of 0.9811 and smoothly connected the two curves
by cubic spline fit. The hybrid potential thus obtained is shown in Figure 5.8.
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Fig. 5.5: Calculated total lineshape of the v′ = 13 level of the 3 3Σ+ state.
The group of the dashed curves indicate those arising from Ω′′ = 1, J ′′
to Ω′ = 0−, J ′ transitions and solid curves indicate those due to the
Ω′′ = 1, J ′′ to Ω′ = 1, J ′ transitions. The resultant is the total natural
lineshape which is the sum of the individual profiles. The convoluted
lineshape is then obtained from a convolution of the total natural line-
shape with the laser lineshape. The laser lineshape is approximated
to be a Lorentzian with a width of 0.55 cm−1 based on our fit to one
of the unsaturated KRb+ lines (a 3Σ+, v′′ = 23 to 3 3Σ+, v′ = 6). The
resulting lineshape has a FWHM of 1.39 cm−1.
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Table 5.2: Relative intensities of all possible transitions from a 3Σ+Ω′′=1 to 3
3Σ+Ω′ .
The J ′′ level corresponds to the a state and J ′ to the 3 3Σ+Ω′ state.
Each pair (J ′′, J ′) represents one individual line , which in principle
could be observed with a high-resolution cw laser.
3 3Σ+Ω′ J
′′ J ′ Intensity Factors
0− 1 0 16.67%
1 1 25%
1 2 8.33%
2 1 15%
2 2 25%
2 3 10%
1 1 1 25%
1 2 25%
2 1 15%
2 2 8.33%
2 3 53.33%
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signal (red solid) of the v′ = 13 level of 3 3Σ+ state. The width of the
Lorentzian fit is 2.49 cm−1. The deconvolution of this width and the
laser linewidth provides a tunneling width of 2.0 cm−1.
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Table 5.3: Comparison of the barrier height between the ab initio and the hybrid
potential. The K(4P)+Rb(5S) asymptote is taken to be zero. G(13)
represents the energy of the v′ = 13 vibrational level of 3 3Σ+ state, R‡
represents the internuclear position at the maximum barrier height,
and V‡ is the energy at R‡ with respect to the asymptote.
R‡ V‡ V‡-G(13)
A˚ cm−1 cm−1
Ab Initio 5.47 2242.47 34.61
Hybrid 5.41 2194.56 25.99
The tunneling width of the v′ = 13 level obtained using the hybrid potential is
still lower than the experimentally observed value, but higher than the ab initio
value. This indicates the barrier height needs to be lowered further to approach
the correct potential. Table 5.3 shows the comparison between the barrier heights
obtained from the ab initio potential and the hybrid potential.
The vibrational spacings of the 3 3Σ+ state range from ∼ 53-64 cm−1. This
range is very similar to the vibrational spacings of the X 1Σ+ state in the range
v′′ = 23−40. In Figure 5.9, we show a comparison of the ∆Gv values of these two
states for a selected region where the differences are quite small. This observation
provides a caution in assigning spectra of KRb involving these two states since
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the spectrum can contain numerous nearly equal vibrational spacings.
5.2.2 RKR Potential
The RKR potential for the 3 3Σ+ state was calculated using Le Roy’s RKR1 pro-
gram [65]. The vibrational term energies are obtained by combining this work
along with the data reported in previous experiment [62,63]. Since the rotational
constants (Bv) are not available from the REMPI spectrum we use theoretical Bv
values, obtained using LEVEL [36] and ab initio potentials [29]. Although the
availability of experimental Bv values for all the vibrational levels would ensure
a more accurate potential, the present RKR potential obtained from experimen-
tal vibrational energies and theoretical rotational constants is nevertheless more
accurate than the purely ab initio potential. The resulting potential is shown in
Figure 5.10 together with its ab initio counterpart. In Table 5.4 we provide the
Dunham coefficients used to generate the RKR potential shown in Figure 5.10,
along with a comparison of previous work [63]. The relation between the total
energies of all observed v′ levels to the Dunham coefficients is,
E(v, J) = T e + Gv + J(J + 1)Bv, (5.4)
where
Gv =
∑
l=1
Y l,0(v + 1/2)
l,
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Fig. 5.10: The RKR potential energy curve of the 3 3Σ+ state. The blue dots
indicate the RKR [65] points while the black solid curve indicates the
ab initio potential [29] (shifted by 30 cm−1). The main figure (a)
shows the total range of the 3 3Σ+ state, while inset (b) shows an
expanded view of the bound levels of the 3 3Σ+ state. The horizontal
lines indicate the vibrational levels v′ = 0− 13 from experiment.
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Bv =
∑
l=0
Y l,1(v + 1/2)
l,
and Y00 is defined as [65]
Y00 =
Y01 + Y20
4
−
Y11Y10
12Y01
+
Y 211Y
2
10
144Y 301
(5.5)
In Ref. [63] there appears to be a typographical error for the value of Y01.
In the work by Lee et al., [63] the value of Y11 is 0.0324 cm
−1. However in the
thesis of the first author [66], it is stated that Be = 0.0324. Since Be ∼= Y01 and
the quoted value of Be seems more consistent with the present work, we use Y01 =
0.0324 cm−1. Also, note that in previous work [63] only the vibrational bands
v′ = 1 − 8 were observed and used to generate the molecular parameters. Since
all the vibrational levels (except v′ = 0) have now been observed, we are able to
generate the RKR turning points for all the levels of the 3 3Σ+ state.
5.3 Applications
5.3.1 Production of the a-state with v′′ = 0
The formation of cold molecules in the lowest vibrational level of the triplet
metastable state is of special interest since they are stable against rotational and
vibrational relaxations, although the cross sections for electronically inelastic (a
to X ) cold collisions and the radiative lifetimes are not yet known. In addition,
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Table 5.4: Dunham coefficients in cm−1 for the 3 3Σ+ state, where vibrational
levels v′ = 5− 13 are obtained from the present work and v′ = 1− 4
are obtained from Lee et al.[63]. The third column shows previous
results from Ref.[63] .
Dunham Coefficients This Work Lee et al.[63]
Te 14383.119 14383.853
Y00 -0.1325 0.0069
Y10 65.542 64.563
Y20 -0.544 -0.157
Y30 0.046 -0.0111
Y40 -0.0024 0.0087
Y01 0.0325 0.0324
Y11 3.4044E-05
Y21 -1.697E-05 -13.53E-05
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Fig. 5.11: Scheme for production of a 3Σ+, v′′ = 0, J ′′ = 0 molecules by short-
range PA via the 3 3Σ+ and 2 3Π states. Both the 3 3Σ+ and 2 3Π
states arise from the K(4pJ)+ Rb(5s) asymptotes.
the availability of a magnetic moment in a(0,0) makes these molecules suitable
candidate for magnetic trapping and manipulation. In this section, we propose
possible pathways to produce a(0,0) molecules via PA through the excited triplet
states.
The 3 3Σ+ and 2 3Π states, both arising from the excited asymptotes of
39K, are potential candidates for production of a(0,0) molecules via short-range
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photoassociation [67]. In Figure 5.11, the vertical arrow indicates the transition
to a(0,0). As is evident from the figure, the higher levels of 3 3Σ+ and 2 3Π provide
the best vibrational overlaps at the outer turning points of the excited states. To
quantitatively estimate the efficiency of formation of a(0,0) via these two states
we have calculated the Franck-Condon factors (FCFs) for these transitions using
LEVEL [36], shown in Figure 5.12. It is clearly evident from Figure 5.12 that
the v′ = 13 level of the 3 3Σ+ state and the v′ = 6 level of the 2 3Π state are the
best candidates for producing a(0,0). These states are also easily reachable using
commonly available lasers. The wavelength required for PA to the 3 3Σ+, v′ = 13
state is attainable with a cw dye laser, while that to the 2 3Π, v′ = 6 level is
attainable with a cw Ti:Sapphire laser. We note that the ab initio potential
curve used to calculate the FCF for the 2 3Π state does not include the spin-orbit
contributions. If we instead use the approximate case (a) potentials of Ref. [29],
the FCF is still strongest for 2 3ΠΩ, v
′ = 6 → a(0,0) (where Ω = 0+, 0− and 1)
except for the 2 3Π2 state, for which v
′ = 7 is the largest.
It is also noteworthy that the FCF for the transition to a(0,0) via the
2 3Π, v′ = 6 level is two orders of magnitude higher than for 3 3Σ+, v′ = 13.
Also due to an appreciable tunneling width of the v′ = 13 level of 3 3Σ+ state
the radiative decay probability might be compromised. So as a starting point of
a(0, 0) formation the 2 3Π, v′ = 6 level is a better choice.
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Fig. 5.13: Scheme for production of X 1Σ+, v′′ = 0, J ′′ = 0 molecules by short-
range PA via the 3 3Σ+ state. The 3 3Σ+ state arises from the K(4pJ)+
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5.3.2 Production of lowest vibrational level of X -state
The importance of production of absolute ground state (X (0,0)) molecules is
well known [4] and AMO researchers have been searching for various methods
for the production of this state [8,6,7]. Here we explore the possibility of using
radiative transitions from the 3 3Σ+ state to the X (0,0) rovibrational level in KRb.
The transition is schematically represented in Figure 5.13. We have calculated
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FCFs for the transitions from the 3 3Σ+ state to X (0,0), as shown in Figure
5.14. It is evident from Figure 5.14a that the FCF is ∼20% for transition from
3 3Σ+, v′ = 2 − 3 levels to X (0,0). To estimate the relative probability of the
radiative decay of 3 3Σ+, v′ = 2 − 3 levels to various vibrational levels of the
X -state, the FCFs for these transitions are shown in 5.14b. The two figures
clearly indicate that FCFs are favorable for the transition of the 3 3Σ+, v′ = 2− 3
to X (0,0). However, since these transitions are spin-forbidden, knowledge of the
electronic transition moments is essential and this information is not yet available.
However, in molecular beam experiments [63], 3 3Σ+-X (0,0) transitions have been
observed. This establishes that 3 3Σ+-X (0,0) should occur at an observable rate
following PA.
5.4 Conclusion
Here we have summarized the spectroscopy and applications of the 3 3Σ+ state
of KRb. A combination of PA and REMPI spectroscopy results in a spectrum
comprised only of v′′ = 18 − 23 levels of the a-state, in which the strongest
signal is always from the v′′ = 20 level. We have obtained a RKR potential for
all vibrational levels of this state. The last vibrational level below the potential
barrier has been observed, and the predissociation width of the last level has been
calculated and compared with experimental observation. We have also observed
that the ∆Gv+1/2 values of this state match very closely with the intermediate
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vibrational levels of the X -state. We then have predicted that this state can be
utilized in the formation of the a(0,0), although the 2 3Π state is predicted to be
more efficient. This state might also be utilized for the production of the X (0,0)
state. However, due to the unavailability of electronic transition moments for
these transitions, this prediction is somewhat uncertain.
Chapter 6
Conclusion and Outlook
To conclude, I have successfully formed the lowest vibrational levels (v′′ = 0− 10)
of the ground-state of 39K85Rb molecules utilizing a simple PA technique paired
with radiative decay, starting from an ordinary MOT [8]. To achieve the lowest
vibrational levels of the ground state using just PA, I utilized the resonant coupling
between the 4(1), v′ = 61 and 2(1), v′ = 165 excited state levels of KRb. At short
range 2(1) corresponds to the 2 3Σ+ state and the 4(1) state corresponds to the
1 1Π state (see Figure 6.1). The molecule formation rate for X1Σ+, v′′ = 0 level
is estimated to be ∼5000 molecules/second. The PA laser used for the formation
is a cw Ti:Sapphire ring laser with a power output of 1W which is focused at the
center of the MOT. The molecules thus formed are detected by REMPI utilizing
the beam from a pulsed dye laser with an output energy of ∼1mJ and a FWHM
of 0.76mm at the MOT.
Spectroscopy has been an integral part of this research. Extensive spec-
troscopy was required as a first step to identify the appropriate resonant coupling
between appropriate pair of levels in the excited states. The requirement was to
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Fig. 6.1: The potentials of KRb molecule from Rousseau et al. [29]. This figure
summarizes the resonant coupling observed in the particular excited
states that has been utilized for the formation of the lowest vibrational
level of the ground state.
143
identify a coupled system whose probability distribution function will have a peak
both at the long range to facilitate PA as well as at the short range to facilitate
radiative decay down to the lowest vibrational levels of the ground state. The
search for such specific coupling needs a careful mapping of the excited states and
hence the requirement of spectroscopy.
The structural information of the KRb molecules was obtained either in
the form of PA spectra or as REMPI spectra. PA spectra provide information
(electronic, vibrational and rotational) about the long range excited states via
which PA is performed. On the other hand, REMPI spectra provide information
on the population distribution of the molecules formed by radiative decay after
PA. They also contain vibrational and electronic state information of the excited
state via which the ground state molecules are ionized. In the present experimental
setup, rotational information is not obtained in the REMPI spectra due to the
inherent broader laser linewidth of the ionization laser.
I have also obtained spectroscopic information about two specific triplet
excited states: 3 3Π and 3 3Σ+. The 3 3Π state has been characterized spectro-
scopically for the first time. I have observed vibrational levels v′ = 2− 12 of this
triplet excited state via REMPI spectra. This is a double minima state which is
also predicted to have a perturbative coupling with the neighboring 4 3Σ+ state.
I have also modified the existing ab initio potentials to generate new potentials
for the spin-orbit components of the 3 3Π state which were helpful for a better
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characterization of this state [27]. Finally, I have obtained new spectroscopic in-
formation about the 3 3Σ+ state of KRb. The last bound vibrational level below
the barrier was observed for the first time. I also performed a computer modeling
of the tunneling width of this level along with a prediction of the barrier height.
The more accurate RKR potential of this state has also been constructed. Both
these triplet states have a good Franck-Condon Factor overlap with the a(0,0)
level.
There are two immediate directions in which this research can head in future.
(1) Purification of the sample for absolute ground state formation. This can be
achieved either by optically pumping the vibrationally excited molecules via an
excited state to the X (0,0) level or by photodissociating the vibrationally excited
molecules. Which option will be pursued depends on the wavelengths required
to execute them and the availability of the required lasers. However, once the
purification is successfully performed, the next obvious step is to trap these pure
samples of ground state molecules in an optical trap or an optical lattice and
pursue the long-term goal of ultracold chemistry.
(2) The second direction is to utilize the spectroscopy of the triplet excited states
to design a pathway for the efficient formation of the a(0,0) molecules. The
necessary wavelengths required for this option are mostly available in the lab at
present. Once the efficient formation of a(0,0) molecules is achieved, their lifetime
and collisional properties can be probed by trapping them in an optical trap. The
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a(0,0) state is also interesting because of the possibility of magnetic trapping due
to the availability of magnetic moment.
Apart from these two options there are various other possibilities in which
this research can head such as Feshbach optimized photoassociation of KRb [45],
formation of trimer species by atom-molecule PA, etc. which can also be very
exciting.
Appendix A
Appendix-A
A.1 Tables of Transition Energies and Potential Energy Curves of
the 3 3ΠΩ State
A.1.1 Transition Energies
In this section I tabulate the transition energies for all the possible 3 3ΠΩ to
a 3Σ+ transitions that are observed in the REMPI spectrum, shown in Chapter
4. This list includes only the transitions that are above the noise level. The
energies reported are in units of cm−1. Note that, the energies listed are transition
energies and not term values. The accuracy of the numbers are limited by the
laser linewidth, which is 0.5 cm−1.
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Table A.1: The transition energies (Ev′,v′′(3
3ΠΩ)) of all
possible 3 3ΠΩ to a
3Σ+ transitions that are observed
above the noise level in the REMPI spectrum shown in
Chapter 4.
v′ v′′ Ev′,v′′(3
3Π0) v
′′ Ev′,v′′(3
3Π1) v
′′ Ev′,v′′(3
3Π2)
3 3Π0 cm
−1 3 3Π1 cm
−1 3 3Π2 cm
−1
2 15 16592.30 19 16596.58 19 16633.75
17 16577.58 20 16592.42 20 16629.41
18 16571.55
3 17 16611.54 18 16634.49 16 16677.85
19 16598.66 19 16627.66 19 16658.46
20 16595.10 20 16623.70 20 16654.35
24 16610.69 23 16643.50
4 14 16658.36 17 16654.32 15 16695.10
16 16643.07 19 16642.49 17 16680.49
18 16629.97 20 16638.02 19 16669.15
19 16624.14 21 16634.31 20 16664.98
20 16620.39
22 16611.89
Continued on Next Page. . .
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Table A.1 – Continued
v′ v′′ Ev′,v′′(3
3Π0) v
′′ Ev′,v′′(3
3Π1) v
′′ Ev′,v′′(3
3Π2)
3 3Π0 cm
−1 3 3Π1 cm
−1 3 3Π2 cm
−1
5 18 16643.37 16 16679.71 14 16725.66
19 16637.99 17 16673.13 18 16697.15
20 16633.87 18 16667.09 19 16691.61
19 16661.76 22 16678.56
20 16657.76 24 16673.13
24 16643.43
6 16 16680.40 19 16684.23 15 16738.54
17 16673.25 20 16679.20 19 16713.14
18 16667.35 24 16665.36 23 16697.48
19 16661.76 24 16694.71
24 16643.59
7 19 16685.17 18 16713.12 15 16763.25
20 16680.32 20 16702.30 19 16737.49
24 16667.18 23 16691.61
24 16689.20
8 17 16722.22 18 16737.43 19 16762.49
19 16710.31 24 16714.67
Continued on Next Page. . .
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Table A.1 – Continued
v′ v′′ Ev′,v′′(3
3Π0) v
′′ Ev′,v′′(3
3Π1) v
′′ Ev′,v′′(3
3Π2)
3 3Π0 cm
−1 3 3Π1 cm
−1 3 3Π2 cm
−1
22 16697.48
23 16694.82
24 16692.53
9 15 16762.29 25 16738.74 18 16793.64
24 16717.78
10 19 16763.25 20 16780.62 19 16815.53
11 19 16791.93 20 16809.12 23 16827.60
12 20 16808.02
22 16816.13
A.1.2 Potential Energy Curves
In this section I list the potential energies of the 3 3ΠΩ state as a variation of
the internuclear distance. These potential energy curves are derived from the
existing ab initio Hund’s case (c) potentials, as discussed in section 4.2. The
energy (E) is listed in the units of cm−1 and are reported with respect to the
K(4S1/2)+Rb(5S1/2) asymptote. The internuclear distance (R) is listed in the
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units of A˚. There are four potentials corresponding to four spin-orbit components
of the 3 3ΠΩ state, namely 3
3Π0− , 3
3Π0+ , 3
3Π1, and 3
3Π2.
Table A.2: Modified potential energy curves of 3 3ΠΩ
state that are derived from the ab initio potentials. There
are four distinct curves for four spin-orbit components of
the 3 3ΠΩ state. We report the potential energies (E) as
a variation of internuclear distance (R).
3 3Π0− 3
3Π0+ 3
3Π1 3
3Π2
R(A˚) E(cm−1) R(A˚) E(cm−1) R(A˚) E(cm−1) R(A˚) E(cm−1)
2.200 58026.549 2.200 58702.712 2.200 56495.679 2.200 56656.007
2.256 51698.213 2.256 52425.372 2.256 50349.031 2.256 50453.383
2.311 46471.130 2.311 47253.535 2.311 45348.720 2.311 45369.056
2.367 42171.954 2.367 43015.260 2.367 41242.660 2.367 41230.940
2.423 38615.926 2.423 39522.510 2.423 37849.473 2.423 37851.283
2.479 35618.479 2.479 36592.378 2.479 35037.113 2.479 35047.318
2.534 33063.171 2.534 34111.671 2.534 32695.833 2.534 32704.020
2.590 30877.058 2.590 32003.182 2.590 30732.628 2.590 30741.396
2.646 29064.417 2.646 30197.424 2.646 29075.574 2.646 29087.557
2.701 27624.242 2.701 28633.050 2.701 27664.300 2.701 27678.659
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Table A.2 – Continued
3 3Π0− 3
3Π0+ 3
3Π1 3
3Π2
R(A˚) E(cm−1) R(A˚) E(cm−1) R(A˚) E(cm−1) R(A˚) E(cm−1)
2.757 26440.062 2.757 27269.263 2.757 26454.269 2.757 26470.445
2.813 25394.572 2.813 26070.621 2.813 25405.895 2.813 25424.177
2.869 24466.220 2.869 25006.750 2.869 24486.573 2.869 24506.942
2.924 23647.402 2.924 24051.553 2.924 23670.485 2.924 23692.548
2.980 22923.912 2.980 23189.716 2.980 22946.964 2.980 22970.319
3.036 22279.786 3.036 22417.319 3.036 22303.923 3.036 22328.308
3.091 21699.673 3.091 21748.499 3.091 21725.102 3.091 21750.548
3.147 21172.118 3.147 21180.977 3.147 21198.648 3.147 21225.197
3.203 20691.940 3.203 20689.889 3.203 20719.497 3.203 20746.830
3.259 20253.900 3.259 20253.571 3.259 20282.666 3.259 20310.472
3.314 19853.346 3.314 19855.166 3.314 19882.400 3.314 19910.743
3.370 19486.769 3.370 19488.068 3.370 19515.759 3.370 19544.648
3.426 19151.967 3.426 19152.664 3.426 19181.270 3.426 19210.366
3.481 18845.720 3.481 18846.632 3.481 18875.644 3.481 18904.666
3.537 18564.639 3.537 18566.035 3.537 18594.691 3.537 18623.650
3.593 18308.633 3.593 18310.566 3.593 18338.608 3.593 18367.600
3.649 18078.572 3.649 18081.114 3.649 18108.973 3.649 18138.054
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3 3Π0− 3
3Π0+ 3
3Π1 3
3Π2
R(A˚) E(cm−1) R(A˚) E(cm−1) R(A˚) E(cm−1) R(A˚) E(cm−1)
3.704 17872.269 3.704 17875.261 3.704 17903.261 3.704 17932.260
3.760 17686.972 3.760 17690.226 3.760 17718.343 3.760 17746.899
3.816 17522.298 3.816 17525.216 3.816 17553.182 3.816 17581.120
3.871 17377.003 3.871 17379.712 3.871 17407.176 3.871 17434.548
3.927 17245.790 3.927 17251.993 3.927 17278.891 3.927 17305.812
3.983 17128.936 3.983 17140.668 3.983 17167.095 3.983 17193.585
4.038 17040.740 4.038 17045.538 4.038 17071.312 4.038 17097.025
4.094 16981.065 4.094 16965.152 4.094 16990.525 4.094 17015.105
4.150 16922.396 4.150 16895.928 4.150 16922.829 4.150 16946.577
4.206 16856.579 4.206 16839.051 4.206 16867.047 4.206 16890.351
4.261 16804.254 4.261 16801.873 4.261 16823.166 4.261 16845.690
4.317 16771.591 4.317 16779.977 4.317 16790.304 4.317 16811.692
4.373 16749.221 4.373 16758.116 4.373 16766.753 4.373 16787.330
4.428 16733.336 4.428 16735.970 4.428 16751.212 4.428 16771.342
4.484 16724.652 4.484 16723.875 4.484 16742.712 4.484 16762.339
4.540 16722.007 4.540 16721.775 4.540 16739.982 4.540 16759.069
4.596 16723.174 4.596 16723.813 4.596 16741.525 4.596 16760.313
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3 3Π0− 3
3Π0+ 3
3Π1 3
3Π2
R(A˚) E(cm−1) R(A˚) E(cm−1) R(A˚) E(cm−1) R(A˚) E(cm−1)
4.651 16726.579 4.651 16727.556 4.651 16745.529 4.651 16764.478
4.707 16730.623 4.707 16731.749 4.707 16750.028 4.707 16769.754
4.763 16732.005 4.763 16733.007 4.763 16752.992 4.763 16773.985
4.818 16727.679 4.818 16728.167 4.818 16752.498 4.818 16775.190
4.874 16718.001 4.874 16717.899 4.874 16747.129 4.874 16772.493
4.930 16704.198 4.930 16703.852 4.930 16736.346 4.930 16765.499
4.986 16687.493 4.986 16687.667 4.986 16721.752 4.986 16754.360
5.041 16669.112 5.041 16670.999 5.041 16705.110 5.041 16739.907
5.097 16650.280 5.097 16655.458 5.097 16687.662 5.097 16724.209
5.153 16632.126 5.153 16640.461 5.153 16670.574 5.153 16708.840
5.208 16615.617 5.208 16621.866 5.208 16654.968 5.208 16694.255
5.264 16601.699 5.264 16601.214 5.264 16641.659 5.264 16681.340
5.320 16591.277 5.320 16587.513 5.320 16631.087 5.320 16671.615
5.376 16584.656 5.376 16582.692 5.376 16623.823 5.376 16665.079
5.431 16581.577 5.431 16581.383 5.431 16620.563 5.431 16660.292
5.487 16582.121 5.487 16582.141 5.487 16621.199 5.487 16657.416
5.543 16586.617 5.543 16586.653 5.543 16625.069 5.543 16657.919
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3 3Π0− 3
3Π0+ 3
3Π1 3
3Π2
R(A˚) E(cm−1) R(A˚) E(cm−1) R(A˚) E(cm−1) R(A˚) E(cm−1)
5.598 16594.993 5.598 16595.036 5.598 16632.228 5.598 16663.302
5.654 16606.959 5.654 16606.574 5.654 16643.071 5.654 16674.674
5.710 16622.393 5.710 16621.431 5.710 16657.488 5.710 16690.412
5.766 16641.192 5.766 16640.022 5.766 16675.189 5.766 16708.171
5.821 16663.100 5.821 16662.102 5.821 16696.097 5.821 16728.092
5.877 16688.073 5.877 16687.219 5.877 16720.132 5.877 16750.958
5.933 16717.204 5.933 16714.923 5.933 16746.818 5.933 16776.750
5.988 16749.980 5.988 16744.990 5.988 16775.842 5.988 16805.284
6.044 16780.627 6.044 16777.759 6.044 16807.547 6.044 16836.389
6.100 16807.543 6.100 16813.336 6.100 16842.062 6.100 16869.858
6.156 16840.758 6.156 16851.027 6.156 16878.696 6.156 16905.352
6.211 16884.147 6.211 16890.260 6.211 16916.877 6.211 16942.504
6.267 16929.176 6.267 16930.885 6.267 16956.455 6.267 16980.984
6.323 16971.895 6.323 16972.862 6.323 16997.381 6.323 17020.806
6.378 17015.471 6.378 17016.286 6.378 17039.744 6.378 17062.436
6.434 17060.917 6.434 17061.056 6.434 17083.459 6.434 17105.694
6.490 17106.826 6.490 17106.913 6.490 17128.339 6.490 17149.826
Continued on Next Page. . .
155
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3 3Π0− 3
3Π0+ 3
3Π1 3
3Π2
R(A˚) E(cm−1) R(A˚) E(cm−1) R(A˚) E(cm−1) R(A˚) E(cm−1)
6.545 17153.086 6.545 17153.281 6.545 17174.229 6.545 17194.592
6.601 17200.572 6.601 17199.545 6.601 17220.991 6.601 17240.139
6.657 17249.229 6.657 17247.147 6.657 17268.481 6.657 17286.628
6.713 17298.464 6.713 17298.067 6.713 17316.513 6.713 17334.096
6.768 17347.869 6.768 17349.779 6.768 17364.938 6.768 17382.000
6.824 17397.205 6.824 17398.722 6.824 17413.617 6.824 17429.702
6.880 17446.677 6.880 17446.661 6.880 17462.669 6.880 17477.656
6.935 17496.508 6.935 17496.198 6.935 17512.129 6.935 17526.392
6.991 17546.560 6.991 17546.584 6.991 17561.443 6.991 17575.434
7.047 17596.577 7.047 17596.657 7.047 17610.278 7.047 17624.317
7.103 17646.333 7.103 17646.313 7.103 17659.249 7.103 17673.192
7.158 17695.733 7.158 17695.720 7.158 17708.714 7.158 17722.153
7.214 17745.110 7.214 17745.110 7.214 17758.005 7.214 17770.824
7.270 17794.556 7.270 17794.568 7.270 17806.850 7.270 17819.143
7.325 17843.798 7.325 17843.795 7.325 17855.743 7.325 17867.544
7.381 17892.625 7.381 17892.622 7.381 17904.664 7.381 17915.941
7.437 17941.034 7.437 17941.036 7.437 17952.813 7.437 17963.497
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Table A.2 – Continued
3 3Π0− 3
3Π0+ 3
3Π1 3
3Π2
R(A˚) E(cm−1) R(A˚) E(cm−1) R(A˚) E(cm−1) R(A˚) E(cm−1)
7.493 17988.841 7.493 17988.846 7.493 18000.007 7.493 18010.146
7.548 18035.776 7.548 18035.766 7.548 18046.708 7.548 18056.606
7.604 18081.876 7.604 18081.862 7.604 18092.888 7.604 18102.842
7.660 18127.440 7.660 18127.491 7.660 18138.225 7.660 18148.335
7.715 18172.509 7.715 18172.543 7.715 18182.660 7.715 18192.720
7.771 18216.938 7.771 18216.737 7.771 18226.306 7.771 18235.862
7.827 18260.100 7.827 18260.043 7.827 18269.096 7.827 18278.122
7.883 18301.607 7.883 18302.520 7.883 18310.946 7.883 18319.951
7.938 18343.215 7.938 18344.207 7.938 18352.206 7.938 18361.204
7.994 18386.279 7.994 18385.034 7.994 18393.067 7.994 18401.524
8.050 18427.775 8.050 18424.698 8.050 18432.658 8.050 18440.631
8.105 18465.211 8.105 18462.944 8.105 18470.328 8.105 18478.348
8.161 18500.700 8.161 18499.959 8.161 18506.921 8.161 18514.847
8.217 18536.059 8.217 18535.931 8.217 18542.967 8.217 18550.295
8.273 18570.857 8.273 18570.909 8.273 18577.788 8.273 18584.739
8.328 18604.629 8.328 18604.775 8.328 18611.036 8.328 18618.074
8.384 18637.375 8.384 18637.141 8.384 18643.105 8.384 18649.941
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3 3Π0− 3
3Π0+ 3
3Π1 3
3Π2
R(A˚) E(cm−1) R(A˚) E(cm−1) R(A˚) E(cm−1) R(A˚) E(cm−1)
8.440 18668.987 8.440 18668.111 8.440 18674.184 8.440 18680.404
8.495 18699.223 8.495 18698.361 8.495 18704.080 8.495 18710.015
8.551 18728.028 8.551 18727.826 8.551 18732.895 8.551 18738.913
8.607 18755.595 8.607 18755.705 8.607 18760.957 8.607 18766.767
8.663 18782.235 8.663 18782.252 8.663 18788.175 8.663 18793.381
8.718 18808.314 8.718 18808.378 8.718 18814.141 8.718 18818.674
8.774 18833.572 8.774 18833.629 8.774 18838.710 8.774 18842.761
8.830 18857.506 8.830 18857.008 8.830 18861.960 8.830 18865.882
8.885 18880.164 8.885 18879.171 8.885 18884.185 8.885 18888.180
8.941 18901.796 8.941 18901.170 8.941 18905.703 8.941 18909.728
8.997 18922.281 8.997 18922.288 8.997 18926.284 8.997 18930.284
9.053 18941.544 9.053 18941.666 9.053 18945.664 9.053 18949.638
9.108 18960.047 9.108 18960.034 9.108 18964.003 9.108 18968.011
9.164 18978.152 9.164 18978.121 9.164 18981.548 9.164 18985.627
9.220 18995.558 9.220 18995.565 9.220 18998.502 9.220 19002.443
9.275 19012.032 9.275 19012.038 9.275 19014.951 9.275 19018.404
9.331 19027.743 9.331 19027.742 9.331 19030.766 9.331 19033.560
Continued on Next Page. . .
158
Table A.2 – Continued
3 3Π0− 3
3Π0+ 3
3Π1 3
3Π2
R(A˚) E(cm−1) R(A˚) E(cm−1) R(A˚) E(cm−1) R(A˚) E(cm−1)
9.387 19042.741 9.387 19042.740 9.387 19045.766 9.387 19047.969
9.442 19056.796 9.442 19056.796 9.442 19059.777 9.442 19061.723
9.498 19069.918 9.498 19069.918 9.498 19072.888 9.498 19074.880
9.554 19082.444 9.554 19082.442 9.554 19085.502 9.554 19087.453
9.610 19094.507 9.610 19094.507 9.610 19097.593 9.610 19099.500
9.665 19106.041 9.665 19106.040 9.665 19108.750 9.665 19111.085
9.721 19116.982 9.721 19116.984 9.721 19119.108 9.721 19122.034
9.777 19127.300 9.777 19127.298 9.777 19129.164 9.777 19132.027
9.832 19137.162 9.832 19137.164 9.832 19139.127 9.832 19141.289
9.888 19146.815 9.888 19146.815 9.888 19148.957 9.888 19150.296
9.944 19156.165 9.944 19156.165 9.944 19158.202 9.944 19159.190
10.000 19164.994 10.000 19164.994 10.000 19166.418 10.000 19167.918
10.055 19173.184 10.055 19173.184 10.055 19174.185 10.055 19176.185
10.111 19180.725 10.111 19180.725 10.111 19182.147 10.111 19183.751
10.167 19187.849 10.167 19187.848 10.167 19189.906 10.167 19190.843
10.222 19194.763 10.222 19194.763 10.222 19196.982 10.222 19197.730
10.278 19201.429 10.278 19201.430 10.278 19203.324 10.278 19204.454
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3 3Π0− 3
3Π0+ 3
3Π1 3
3Π2
R(A˚) E(cm−1) R(A˚) E(cm−1) R(A˚) E(cm−1) R(A˚) E(cm−1)
10.334 19207.802 10.334 19207.801 10.334 19209.112 10.334 19210.910
10.390 19213.893 10.390 19213.894 10.390 19214.823 10.390 19216.761
10.445 19219.715 10.445 19219.715 10.445 19220.652 10.445 19221.991
10.501 19225.248 10.501 19225.249 10.501 19226.275 10.501 19227.161
10.557 19230.508 10.557 19230.508 10.557 19231.527 10.557 19232.460
10.612 19235.542 10.612 19235.543 10.612 19236.523 10.612 19237.555
10.668 19240.311 10.668 19240.311 10.668 19241.287 10.668 19242.299
10.724 19244.696 10.724 19244.695 10.724 19245.761 10.724 19246.758
10.780 19248.845 10.780 19248.845 10.780 19249.909 10.780 19250.913
10.835 19253.065 10.835 19253.064 10.835 19253.735 10.835 19254.707
10.891 19257.269 10.891 19257.268 10.891 19257.357 10.891 19258.339
10.947 19261.183 10.947 19261.183 10.947 19260.953 10.947 19262.076
11.002 19264.724 11.002 19264.725 11.002 19264.683 11.002 19265.716
11.058 19267.930 11.058 19267.930 11.058 19268.571 11.058 19268.958
11.114 19271.049 11.114 19271.048 11.114 19272.043 11.114 19272.048
11.170 19274.269 11.170 19274.269 11.170 19274.677 11.170 19275.263
11.225 19277.322 11.225 19277.322 11.225 19277.337 11.225 19278.322
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3 3Π0− 3
3Π0+ 3
3Π1 3
3Π2
R(A˚) E(cm−1) R(A˚) E(cm−1) R(A˚) E(cm−1) R(A˚) E(cm−1)
11.281 19280.000 11.281 19280.000 11.281 19280.634 11.281 19281.001
11.337 19282.606 11.337 19282.606 11.337 19283.575 11.337 19283.606
11.392 19285.298 11.392 19285.297 11.392 19285.622 11.392 19286.298
11.448 19287.747 11.448 19287.748 11.448 19287.779 11.448 19288.748
11.504 19289.838 11.504 19289.839 11.504 19290.484 11.504 19290.838
11.560 19291.870 11.560 19291.870 11.560 19292.983 11.560 19292.870
11.615 19293.983 11.615 19293.982 11.615 19295.031 11.615 19294.984
11.671 19296.087 11.671 19296.087 11.671 19297.108 11.671 19297.085
11.727 19298.180 11.727 19298.180 11.727 19299.250 11.727 19299.177
11.782 19300.348 11.782 19300.348 11.782 19301.063 11.782 19301.354
11.838 19302.453 11.838 19302.453 11.838 19302.574 11.838 19303.459
11.894 19304.225 11.894 19304.225 11.894 19304.110 11.894 19305.199
11.950 19305.746 11.950 19305.746 11.950 19305.724 11.950 19306.731
12.005 19307.270 12.005 19307.269 12.005 19307.323 12.005 19308.380
12.061 19308.879 12.061 19308.879 12.061 19308.886 12.061 19309.905
12.117 19310.543 12.117 19310.543 12.117 19310.438 12.117 19310.977
12.172 19312.031 12.172 19312.031 12.172 19312.040 12.172 19312.032
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3 3Π0− 3
3Π0+ 3
3Π1 3
3Π2
R(A˚) E(cm−1) R(A˚) E(cm−1) R(A˚) E(cm−1) R(A˚) E(cm−1)
12.228 19313.155 12.228 19313.155 12.228 19313.697 12.228 19313.536
12.284 19314.118 12.284 19314.118 12.284 19315.156 12.284 19315.193
12.339 19315.141 12.339 19315.142 12.339 19316.248 12.339 19316.647
12.395 19316.245 12.395 19316.246 12.395 19317.217 12.395 19317.887
12.451 19317.413 12.451 19317.413 12.451 19318.260 12.451 19318.959
12.507 19318.629 12.507 19318.629 12.507 19319.342 12.507 19319.915
12.562 19319.878 12.562 19319.877 12.562 19320.408 12.562 19320.800
12.618 19321.142 12.618 19321.142 12.618 19321.440 12.618 19321.665
12.674 19322.408 12.674 19322.408 12.674 19322.477 12.674 19322.556
12.729 19323.651 12.729 19323.651 12.729 19323.620 12.729 19323.523
12.785 19324.710 12.785 19324.710 12.785 19324.699 12.785 19324.582
12.841 19325.334 12.841 19325.334 12.841 19325.336 12.841 19325.715
12.897 19325.805 12.897 19325.807 12.897 19325.803 12.897 19326.761
12.952 19326.713 12.952 19326.714 12.952 19326.740 12.952 19327.486
13.008 19327.829 13.008 19327.829 13.008 19327.845 13.008 19327.934
13.064 19328.566 13.064 19328.567 13.064 19328.451 13.064 19328.317
13.119 19328.971 13.119 19328.972 13.119 19328.941 13.119 19328.930
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13.175 19329.361 13.175 19329.361 13.175 19329.944 13.175 19329.978
13.231 19330.030 13.231 19330.031 13.231 19331.028 13.231 19331.027
13.287 19331.102 13.287 19331.102 13.287 19331.647 13.287 19331.638
13.342 19332.106 13.342 19332.106 13.342 19332.058 13.342 19332.058
13.398 19332.679 13.398 19332.678 13.398 19332.569 13.398 19332.571
13.454 19333.104 13.454 19333.104 13.454 19333.125 13.454 19333.124
13.509 19333.625 13.509 19333.625 13.509 19333.651 13.509 19333.651
13.565 19334.177 13.565 19334.177 13.565 19334.170 13.565 19334.170
13.621 19334.702 13.621 19334.702 13.621 19334.696 13.621 19334.696
13.677 19335.220 13.677 19335.219 13.677 19335.221 13.677 19335.221
13.732 19335.743 13.732 19335.744 13.732 19335.745 13.732 19335.745
13.788 19336.280 13.788 19336.281 13.788 19336.280 13.788 19336.280
13.844 19336.813 13.844 19336.813 13.844 19336.813 13.844 19336.813
13.899 19337.315 13.899 19337.315 13.899 19337.315 13.899 19337.315
13.955 19337.841 13.955 19337.841 13.955 19337.841 13.955 19337.841
14.011 19338.469 14.011 19338.470 14.011 19338.470 14.011 19338.470
14.067 19338.958 14.067 19338.959 14.067 19338.959 14.067 19338.959
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14.122 19339.003 14.122 19339.003 14.122 19339.003 14.122 19339.003
14.178 19338.986 14.178 19338.987 14.178 19338.987 14.178 19338.987
14.234 19339.420 14.234 19339.420 14.234 19339.420 14.234 19339.420
14.289 19340.012 14.289 19340.012 14.289 19340.012 14.289 19340.012
14.345 19340.351 14.345 19340.351 14.345 19340.351 14.345 19340.351
14.401 19340.519 14.401 19340.519 14.401 19340.519 14.401 19340.519
14.457 19340.712 14.457 19340.713 14.457 19340.713 14.457 19340.713
14.512 19341.128 14.512 19341.128 14.512 19341.128 14.512 19341.128
14.568 19341.732 14.568 19341.732 14.568 19341.732 14.568 19341.732
14.624 19342.042 14.624 19342.042 14.624 19342.042 14.624 19342.042
14.679 19341.975 14.679 19341.974 14.679 19341.974 14.679 19341.974
14.735 19342.133 14.735 19342.133 14.735 19342.133 14.735 19342.133
14.791 19342.701 14.791 19342.700 14.791 19342.700 14.791 19342.700
14.846 19343.297 14.846 19343.298 14.846 19343.298 14.846 19343.298
14.902 19343.721 14.902 19343.720 14.902 19343.720 14.902 19343.720
14.958 19343.961 14.958 19343.962 14.958 19343.962 14.958 19343.962
15.014 19344.017 15.014 19344.018 15.014 19344.018 15.014 19344.018
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15.069 19343.915 15.069 19343.916 15.069 19343.916 15.069 19343.916
15.125 19343.952 15.125 19343.952 15.125 19343.952 15.125 19343.952
15.181 19344.454 15.181 19344.454 15.181 19344.454 15.181 19344.454
15.236 19344.983 15.236 19344.981 15.236 19344.981 15.236 19344.981
15.292 19345.005 15.292 19345.004 15.292 19345.004 15.292 19345.004
15.348 19345.012 15.348 19345.010 15.348 19345.010 15.348 19345.010
15.404 19345.519 15.404 19345.518 15.404 19345.518 15.404 19345.518
15.459 19346.044 15.459 19346.044 15.459 19346.044 15.459 19346.044
15.515 19346.121 15.515 19346.121 15.515 19346.121 15.515 19346.121
15.571 19345.959 15.571 19345.959 15.571 19345.959 15.571 19345.959
15.626 19345.871 15.626 19345.871 15.626 19345.871 15.626 19345.871
15.682 19346.142 15.682 19346.142 15.682 19346.142 15.682 19346.142
15.738 19346.733 15.738 19346.732 15.738 19346.732 15.738 19346.732
15.794 19347.106 15.794 19347.106 15.794 19347.106 15.794 19347.106
15.849 19347.078 15.849 19347.077 15.849 19347.077 15.849 19347.077
15.905 19346.911 15.905 19346.912 15.905 19346.912 15.905 19346.912
15.961 19346.905 15.961 19346.904 15.961 19346.906 15.961 19346.904
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16.016 19347.316 16.016 19347.316 16.016 19347.313 16.016 19347.316
16.072 19347.895 16.072 19347.895 16.072 19347.891 16.072 19347.895
16.128 19348.100 16.128 19348.100 16.128 19348.114 16.128 19348.100
16.184 19348.013 16.184 19348.014 16.184 19348.023 16.184 19348.014
16.239 19347.996 16.239 19347.997 16.239 19347.937 16.239 19347.997
16.295 19348.003 16.295 19348.004 16.295 19347.990 16.295 19348.004
16.351 19347.909 16.351 19347.909 16.351 19348.211 16.351 19347.909
16.406 19348.016 16.406 19348.016 16.406 19348.527 16.406 19348.016
16.462 19348.555 16.462 19348.554 16.462 19348.830 16.462 19348.554
16.518 19349.041 16.518 19349.041 16.518 19349.015 16.518 19349.041
16.574 19349.088 16.574 19349.088 16.574 19349.033 16.574 19349.088
16.629 19348.981 16.629 19348.981 16.629 19348.992 16.629 19348.981
16.685 19348.972 16.685 19348.972 16.685 19348.985 16.685 19348.971
16.741 19349.016 16.741 19349.016 16.741 19349.011 16.741 19349.016
16.796 19349.033 16.796 19349.033 16.796 19349.030 16.796 19349.033
16.852 19348.950 16.852 19348.950 16.852 19348.950 16.852 19348.950
16.908 19348.902 16.908 19348.900 16.908 19348.901 16.908 19348.900
Continued on Next Page. . .
166
Table A.2 – Continued
3 3Π0− 3
3Π0+ 3
3Π1 3
3Π2
R(A˚) E(cm−1) R(A˚) E(cm−1) R(A˚) E(cm−1) R(A˚) E(cm−1)
16.964 19349.248 16.964 19349.249 16.964 19349.249 16.964 19349.249
17.019 19349.846 17.019 19349.847 17.019 19349.847 17.019 19349.847
17.075 19350.109 17.075 19350.109 17.075 19350.108 17.075 19350.108
17.131 19350.028 17.131 19350.029 17.131 19350.027 17.131 19350.027
17.186 19349.965 17.186 19349.965 17.186 19349.972 17.186 19349.972
17.242 19349.992 17.242 19349.992 17.242 19349.997 17.242 19349.997
17.298 19350.032 17.298 19350.032 17.298 19350.001 17.298 19350.001
17.354 19350.005 17.354 19350.005 17.354 19350.000 17.354 19350.000
17.409 19349.898 17.409 19349.899 17.409 19350.024 17.409 19350.024
17.465 19350.012 17.465 19350.014 17.465 19349.997 17.465 19349.997
17.521 19350.552 17.521 19350.553 17.521 19349.895 17.521 19349.895
17.576 19351.038 17.576 19351.038 17.576 19350.050 17.576 19350.050
17.632 19351.086 17.632 19351.086 17.632 19350.612 17.632 19350.612
17.688 19350.985 17.688 19350.984 17.688 19351.061 17.688 19351.061
17.743 19350.980 17.743 19350.980 17.743 19351.074 17.743 19351.074
17.799 19351.006 17.799 19351.005 17.799 19350.978 17.799 19350.978
17.855 19351.004 17.855 19351.004 17.855 19350.983 17.855 19350.983
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17.911 19350.999 17.911 19350.999 17.911 19351.006 17.911 19351.006
17.966 19351.001 17.966 19351.001 17.966 19351.003 17.966 19351.003
18.022 19350.996 18.022 19350.996 18.022 19350.999 18.022 19350.999
18.078 19350.994 18.078 19350.994 18.078 19351.001 18.078 19351.001
18.133 19351.020 18.133 19351.019 18.133 19350.996 18.133 19350.996
18.189 19351.018 18.189 19351.019 18.189 19350.995 18.189 19350.995
18.245 19350.917 18.245 19350.916 18.245 19351.022 18.245 19351.022
18.301 19350.953 18.301 19350.952 18.301 19351.013 18.301 19351.013
18.356 19351.431 18.356 19351.430 18.356 19350.909 18.356 19350.909
18.412 19351.980 18.412 19351.980 18.412 19350.984 18.412 19350.984
18.468 19352.102 18.468 19352.102 18.468 19351.497 18.468 19351.497
18.523 19351.996 18.523 19351.997 18.523 19352.013 18.523 19352.013
18.579 19351.974 18.579 19351.975 18.579 19352.094 18.579 19352.094
18.635 19352.003 18.635 19352.003 18.635 19351.989 18.635 19351.989
18.691 19352.006 18.691 19352.007 18.691 19351.977 18.691 19351.977
18.746 19351.999 18.746 19351.998 18.746 19352.005 18.746 19352.005
18.802 19351.999 18.802 19351.999 18.802 19352.005 18.802 19352.005
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18.858 19352.000 18.858 19352.001 18.858 19351.999 18.858 19351.999
18.913 19352.000 18.913 19352.000 18.913 19351.999 18.913 19351.999
18.969 19352.000 18.969 19351.999 18.969 19352.001 18.969 19352.001
19.025 19351.999 19.025 19352.000 19.025 19352.000 19.025 19352.000
19.081 19352.001 19.081 19352.002 19.081 19351.999 19.081 19352.000
19.136 19352.001 19.136 19352.002 19.136 19352.000 19.136 19352.000
19.192 19351.995 19.192 19351.994 19.192 19352.002 19.192 19352.000
19.248 19351.995 19.248 19351.996 19.248 19352.001 19.248 19352.000
19.303 19352.023 19.303 19352.023 19.303 19351.994 19.303 19351.999
19.359 19352.012 19.359 19352.012 19.359 19351.997 19.359 19352.000
19.415 19351.908 19.415 19351.907 19.415 19352.025 19.415 19352.002
19.471 19351.981 19.471 19351.981 19.471 19352.005 19.471 19352.000
19.526 19352.492 19.526 19352.492 19.526 19351.899 19.526 19351.993
19.582 19353.009 19.582 19353.010 19.582 19352.014 19.582 19352.001
19.638 19353.092 19.638 19353.092 19.638 19352.558 19.638 19352.028
19.693 19352.989 19.693 19352.989 19.693 19353.043 19.693 19351.985
19.749 19352.977 19.749 19352.978 19.749 19353.085 19.749 19351.892
Continued on Next Page. . .
169
Table A.2 – Continued
3 3Π0− 3
3Π0+ 3
3Π1 3
3Π2
R(A˚) E(cm−1) R(A˚) E(cm−1) R(A˚) E(cm−1) R(A˚) E(cm−1)
19.805 19353.005 19.805 19353.005 19.805 19352.983 19.805 19352.100
19.861 19353.006 19.861 19353.005 19.861 19352.980 19.861 19352.682
19.916 19352.998 19.916 19352.998 19.916 19353.006 19.916 19353.082
19.972 19352.999 19.972 19352.999 19.972 19353.005 19.972 19353.063
20.028 19353.000 20.028 19353.001 20.028 19352.998 20.028 19352.975
20.083 19353.000 20.083 19353.000 20.083 19352.999 20.083 19352.986
20.139 19353.000 20.139 19353.000 20.139 19353.001 20.139 19353.007
20.195 19353.000 20.195 19353.000 20.195 19353.000 20.195 19353.003
20.251 19353.000 20.251 19353.000 20.251 19353.000 20.251 19352.998
20.306 19353.000 20.306 19353.000 20.306 19353.000 20.306 19353.000
20.362 19353.000 20.362 19353.000 20.362 19353.000 20.362 19353.001
20.418 19353.000 20.418 19353.000 20.418 19353.000 20.418 19353.000
20.473 19353.000 20.473 19353.000 20.473 19353.000 20.473 19353.000
20.529 19353.000 20.529 19353.000 20.529 19353.000 20.529 19353.000
20.585 19353.000 20.585 19353.000 20.585 19353.000 20.585 19353.000
20.640 19353.000 20.640 19353.000 20.640 19353.000 20.640 19353.000
20.696 19353.000 20.696 19353.000 20.696 19353.000 20.696 19353.000
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20.752 19353.000 20.752 19353.000 20.752 19353.000 20.752 19353.000
20.808 19353.002 20.808 19352.999 20.808 19353.000 20.808 19353.000
20.863 19352.998 20.863 19353.001 20.863 19353.000 20.863 19353.000
20.919 19352.992 20.919 19353.002 20.919 19353.000 20.919 19353.000
20.975 19353.011 20.975 19352.997 20.975 19353.000 20.975 19353.000
21.030 19353.028 21.030 19352.993 21.030 19353.000 21.030 19353.000
21.086 19352.949 21.086 19353.014 21.086 19353.000 21.086 19353.000
21.142 19352.905 21.142 19353.026 21.142 19353.000 21.142 19353.000
21.198 19353.256 21.198 19352.938 21.198 19353.001 21.198 19353.000
21.253 19353.849 21.253 19352.917 21.253 19353.001 21.253 19353.000
21.309 19354.107 21.309 19353.313 21.309 19352.995 21.309 19353.000
21.365 19354.027 21.365 19353.897 21.365 19352.995 21.365 19353.000
21.420 19353.971 21.420 19354.108 21.420 19353.022 21.420 19353.000
21.476 19353.996 21.476 19354.016 21.476 19353.013 21.476 19353.000
21.532 19354.007 21.532 19353.972 21.532 19352.908 21.532 19352.999
21.588 19354.001 21.588 19353.998 21.588 19352.987 21.588 19353.000
21.643 19353.998 21.643 19354.007 21.643 19353.503 21.643 19353.002
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21.699 19354.000 21.699 19354.000 21.699 19354.016 21.699 19352.999
21.755 19354.000 21.755 19353.998 21.755 19354.093 21.755 19352.992
21.810 19354.000 21.810 19354.000 21.810 19353.989 21.810 19353.004
21.866 19354.000 21.866 19354.000 21.866 19353.978 21.866 19353.029
21.922 19354.000 21.922 19354.000 21.922 19354.004 21.922 19352.973
21.978 19354.000 21.978 19354.000 21.978 19354.005 21.978 19352.893
22.033 19354.000 22.033 19354.000 22.033 19353.998 22.033 19353.147
22.089 19354.000 22.089 19354.000 22.089 19353.999 22.089 19353.739
22.145 19354.000 22.145 19354.000 22.145 19354.001 22.145 19354.095
22.200 19354.000 22.200 19354.000 22.200 19354.000 22.200 19354.051
22.256 19354.000 22.256 19354.000 22.256 19353.999 22.256 19353.968
22.312 19354.000 22.312 19354.000 22.312 19353.999 22.312 19353.985
22.368 19354.000 22.368 19354.000 22.368 19353.998 22.368 19354.028
22.423 19354.000 22.423 19354.000 22.423 19353.998 22.423 19354.064
22.479 19354.000 22.479 19354.000 22.479 19353.997 22.479 19354.095
22.535 19354.000 22.535 19354.000 22.535 19353.997 22.535 19354.121
22.590 19354.000 22.590 19354.000 22.590 19353.997 22.590 19354.142
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22.646 19354.000 22.646 19354.000 22.646 19353.996 22.646 19354.156
22.702 19354.000 22.702 19354.000 22.702 19353.996 22.702 19354.168
22.758 19354.000 22.758 19354.000 22.758 19353.996 22.758 19354.174
22.813 19354.000 22.813 19354.000 22.813 19353.996 22.813 19354.178
22.869 19354.000 22.869 19354.000 22.869 19353.996 22.869 19354.177
22.925 19354.000 22.925 19354.000 22.925 19353.996 22.925 19354.174
22.980 19354.000 22.980 19354.000 22.980 19353.997 22.980 19354.168
23.036 19354.000 23.036 19354.000 23.036 19353.997 23.036 19354.159
23.092 19354.000 23.092 19354.000 23.092 19353.997 23.092 19354.148
23.147 19354.000 23.147 19354.000 23.147 19353.997 23.147 19354.137
23.203 19354.000 23.203 19354.000 23.203 19353.998 23.203 19354.124
23.259 19354.000 23.259 19354.000 23.259 19353.998 23.259 19354.110
23.315 19354.000 23.315 19354.000 23.315 19353.998 23.315 19354.095
23.370 19354.000 23.370 19354.000 23.370 19353.998 23.370 19354.080
23.426 19354.000 23.426 19354.000 23.426 19353.999 23.426 19354.066
23.482 19354.000 23.482 19354.000 23.482 19353.999 23.482 19354.052
23.537 19354.000 23.537 19354.000 23.537 19353.999 23.537 19354.039
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23.593 19354.000 23.593 19354.000 23.593 19353.999 23.593 19354.027
23.649 19354.000 23.649 19354.000 23.649 19354.000 23.649 19354.017
23.705 19354.000 23.705 19354.000 23.705 19354.000 23.705 19354.009
23.760 19354.000 23.760 19354.000 23.760 19354.000 23.760 19354.003
23.816 19354.000 23.816 19354.000 23.816 19354.000 23.816 19354.000
23.872 19354.000 23.872 19354.000 23.872 19354.000 23.872 19354.000
23.927 19354.000 23.927 19354.000 23.927 19354.000 23.927 19354.000
23.983 19354.000 23.983 19354.000 23.983 19354.000 23.983 19354.000
24.039 19354.000 24.039 19354.000 24.039 19354.000 24.039 19354.000
24.095 19354.000 24.095 19354.000 24.095 19354.000 24.095 19354.000
24.150 19354.000 24.150 19354.000 24.150 19354.000 24.150 19354.000
24.206 19354.000 24.206 19354.000 24.206 19354.000 24.206 19354.000
24.262 19354.000 24.262 19354.000 24.262 19354.000 24.262 19354.000
24.317 19354.000 24.317 19354.000 24.317 19354.000 24.317 19354.000
24.373 19354.000 24.373 19354.000 24.373 19354.000 24.373 19354.000
24.429 19354.000 24.429 19354.000 24.429 19354.000 24.429 19354.000
24.485 19354.001 24.485 19354.002 24.485 19354.000 24.485 19354.000
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24.540 19354.001 24.540 19354.001 24.540 19354.000 24.540 19354.000
24.596 19353.993 24.596 19353.994 24.596 19354.000 24.596 19354.000
24.652 19353.997 24.652 19353.997 24.652 19354.000 24.652 19354.000
24.707 19354.025 24.707 19354.025 24.707 19354.000 24.707 19354.000
24.763 19354.002 24.763 19354.002 24.763 19354.000 24.763 19354.000
24.819 19353.899 24.819 19353.898 24.819 19354.000 24.819 19354.000
24.875 19354.024 24.875 19354.023 24.875 19354.000 24.875 19354.000
24.930 19354.570 24.930 19354.570 24.930 19354.000 24.930 19354.000
24.986 19355.046 24.986 19355.046 24.986 19354.000 24.986 19354.000
25.042 19355.083 25.042 19355.083 25.042 19354.000 25.042 19354.000
25.097 19354.982 25.097 19354.982 25.097 19354.000 25.097 19354.000
25.153 19354.981 25.153 19354.980 25.153 19354.000 25.153 19354.000
25.209 19355.006 25.209 19355.006 25.209 19354.001 25.209 19354.000
25.265 19355.005 25.265 19355.005 25.265 19354.001 25.265 19354.000
25.320 19354.998 25.320 19354.998 25.320 19354.001 25.320 19354.000
25.376 19354.999 25.376 19354.999 25.376 19354.001 25.376 19354.000
25.432 19355.001 25.432 19355.001 25.432 19353.999 25.432 19354.000
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25.487 19355.000 25.487 19355.000 25.487 19353.996 25.487 19354.000
25.543 19355.000 25.543 19355.000 25.543 19353.994 25.543 19354.000
25.599 19355.000 25.599 19355.000 25.599 19353.995 25.599 19354.000
25.655 19355.000 25.655 19355.000 25.655 19353.999 25.655 19354.000
25.710 19355.000 25.710 19355.000 25.710 19354.007 25.710 19354.000
25.766 19355.000 25.766 19355.000 25.766 19354.016 25.766 19354.000
25.822 19355.000 25.822 19355.000 25.822 19354.022 25.822 19354.000
25.877 19355.000 25.877 19355.000 25.877 19354.018 25.877 19354.000
25.933 19355.000 25.933 19355.000 25.933 19353.998 25.933 19354.000
25.989 19355.000 25.989 19355.000 25.989 19353.965 25.989 19354.000
26.044 19355.000 26.044 19355.000 26.044 19353.931 26.044 19354.000
26.100 19355.000 26.100 19355.000 26.100 19353.919 26.100 19354.000
26.156 19355.000 26.156 19355.000 26.156 19353.947 26.156 19354.000
26.212 19355.000 26.212 19355.000 26.212 19354.035 26.212 19354.000
26.267 19355.000 26.267 19355.000 26.267 19354.190 26.267 19354.000
26.323 19355.000 26.323 19355.000 26.323 19354.395 26.323 19354.000
26.379 19355.000 26.379 19355.000 26.379 19354.634 26.379 19354.000
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26.434 19355.000 26.434 19355.000 26.434 19354.888 26.434 19354.000
26.490 19355.000 26.490 19355.000 26.490 19355.140 26.490 19354.001
26.546 19355.000 26.546 19355.000 26.546 19355.383 26.546 19354.004
26.602 19355.000 26.602 19355.000 26.602 19355.617 26.602 19354.008
26.657 19355.000 26.657 19355.000 26.657 19355.842 26.657 19354.014
26.713 19355.000 26.713 19355.000 26.713 19356.058 26.713 19354.022
26.769 19355.000 26.769 19355.000 26.769 19356.263 26.769 19354.030
26.824 19355.000 26.824 19355.000 26.824 19356.461 26.824 19354.040
26.880 19355.000 26.880 19355.000 26.880 19356.650 26.880 19354.051
26.936 19355.000 26.936 19355.000 26.936 19356.829 26.936 19354.064
26.992 19355.000 26.992 19355.000 26.992 19357.001 26.992 19354.078
27.047 19355.000 27.047 19355.000 27.047 19357.164 27.047 19354.094
27.103 19355.000 27.103 19355.000 27.103 19357.318 27.103 19354.110
27.159 19355.000 27.159 19355.000 27.159 19357.465 27.159 19354.128
27.214 19355.000 27.214 19355.000 27.214 19357.604 27.214 19354.146
27.270 19355.000 27.270 19355.000 27.270 19357.735 27.270 19354.166
27.326 19355.000 27.326 19355.000 27.326 19357.858 27.326 19354.186
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27.382 19355.000 27.382 19355.000 27.382 19357.974 27.382 19354.208
27.437 19355.000 27.437 19355.000 27.437 19358.081 27.437 19354.230
27.493 19355.000 27.493 19355.000 27.493 19358.183 27.493 19354.252
27.549 19355.000 27.549 19355.000 27.549 19358.276 27.549 19354.276
27.604 19355.000 27.604 19355.000 27.604 19358.362 27.604 19354.300
27.660 19355.000 27.660 19355.000 27.660 19358.443 27.660 19354.325
27.716 19355.000 27.716 19355.000 27.716 19358.516 27.716 19354.350
27.772 19355.000 27.772 19355.000 27.772 19358.582 27.772 19354.376
27.827 19355.000 27.827 19355.000 27.827 19358.642 27.827 19354.402
27.883 19355.000 27.883 19355.000 27.883 19358.695 27.883 19354.429
27.939 19355.000 27.939 19355.000 27.939 19358.743 27.939 19354.456
27.994 19355.000 27.994 19355.000 27.994 19358.785 27.994 19354.483
28.050 19355.000 28.050 19355.000 28.050 19358.820 28.050 19354.510
28.106 19355.000 28.106 19355.000 28.106 19358.849 28.106 19354.538
28.162 19355.000 28.162 19355.000 28.162 19358.872 28.162 19354.566
28.217 19355.000 28.217 19355.000 28.217 19358.891 28.217 19354.593
28.273 19355.000 28.273 19355.000 28.273 19358.904 28.273 19354.621
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28.329 19355.000 28.329 19355.000 28.329 19358.911 28.329 19354.649
28.384 19355.000 28.384 19355.000 28.384 19358.914 28.384 19354.676
28.440 19355.000 28.440 19355.000 28.440 19358.911 28.440 19354.704
28.496 19355.000 28.496 19355.000 28.496 19358.903 28.496 19354.731
28.552 19355.000 28.552 19355.000 28.552 19358.891 28.552 19354.758
28.607 19355.000 28.607 19355.000 28.607 19358.874 28.607 19354.784
28.663 19355.000 28.663 19355.000 28.663 19358.853 28.663 19354.811
28.719 19355.000 28.719 19355.000 28.719 19358.828 28.719 19354.836
28.774 19355.000 28.774 19355.000 28.774 19358.798 28.774 19354.862
28.830 19355.000 28.830 19355.000 28.830 19358.764 28.830 19354.887
28.886 19355.000 28.886 19355.000 28.886 19358.726 28.886 19354.912
28.941 19355.000 28.941 19355.000 28.941 19358.684 28.941 19354.935
28.997 19355.000 28.997 19355.000 28.997 19358.638 28.997 19354.958
29.053 19355.000 29.053 19355.000 29.053 19358.590 29.053 19354.980
29.109 19355.000 29.109 19355.000 29.109 19358.537 29.109 19355.002
29.164 19355.000 29.164 19355.000 29.164 19358.482 29.164 19355.022
29.220 19355.000 29.220 19355.000 29.220 19358.423 29.220 19355.042
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29.276 19355.000 29.276 19355.000 29.276 19358.361 29.276 19355.060
29.331 19355.000 29.331 19355.000 29.331 19358.297 29.331 19355.078
29.387 19355.000 29.387 19355.000 29.387 19358.229 29.387 19355.094
29.443 19355.000 29.443 19355.000 29.443 19358.159 29.443 19355.110
29.499 19355.000 29.499 19355.000 29.499 19358.087 29.499 19355.124
29.554 19355.000 29.554 19355.000 29.554 19358.013 29.554 19355.137
29.610 19355.000 29.610 19355.000 29.610 19357.936 29.610 19355.149
29.666 19355.000 29.666 19355.000 29.666 19357.856 29.666 19355.159
29.721 19355.000 29.721 19355.000 29.721 19357.775 29.721 19355.168
29.777 19355.000 29.777 19355.000 29.777 19357.692 29.777 19355.176
29.833 19355.000 29.833 19355.000 29.833 19357.608 29.833 19355.182
29.889 19355.000 29.889 19355.000 29.889 19357.522 29.889 19355.187
29.944 19355.000 29.944 19355.000 29.944 19357.435 29.944 19355.190
30.000 19355.000 30.000 19355.000 30.000 19357.347 30.000 19355.191
18.584 19351.976 16.086 19347.995 16.086 19347.994 16.086 19347.995
18.616 19351.995 16.114 19348.092 16.114 19348.102 16.114 19348.092
18.649 19352.006 16.142 19348.089 16.142 19348.107 16.142 19348.089
Continued on Next Page. . .
180
Table A.2 – Continued
3 3Π0− 3
3Π0+ 3
3Π1 3
3Π2
R(A˚) E(cm−1) R(A˚) E(cm−1) R(A˚) E(cm−1) R(A˚) E(cm−1)
18.682 19352.007 16.170 19348.039 16.170 19348.056 16.170 19348.039
18.715 19352.003 16.197 19347.996 16.197 19347.991 16.197 19347.996
18.748 19351.999 16.225 19347.990 16.225 19347.947 16.225 19347.990
18.781 19351.998 16.253 19348.005 16.253 19347.935 16.253 19348.005
18.813 19351.999 16.281 19348.012 16.281 19347.960 16.281 19348.012
18.846 19352.000 16.309 19347.986 16.309 19348.030 16.309 19347.986
18.879 19352.001 16.337 19347.931 16.337 19348.142 16.337 19347.931
18.912 19352.000 16.364 19347.899 16.364 19348.284 16.364 19347.899
18.945 19352.000 16.392 19347.944 16.392 19348.443 16.392 19347.944
18.978 19352.000 16.420 19348.117 16.420 19348.607 16.420 19348.117
19.010 19351.999 16.448 19348.395 16.448 19348.760 16.448 19348.395
19.043 19352.000 16.476 19348.702 16.476 19348.890 16.476 19348.702
19.076 19352.001 16.504 19348.957 16.504 19348.985 16.504 19348.957
19.109 19352.002 16.531 19349.088 16.531 19349.032 16.531 19349.088
19.142 19352.001 16.559 19349.107 16.559 19349.039 16.559 19349.107
19.175 19351.997 16.587 19349.061 16.587 19349.023 16.587 19349.061
19.207 19351.993 16.615 19349.002 16.615 19349.001 16.615 19349.002
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19.240 19351.994 16.643 19348.970 16.643 19348.987 16.643 19348.970
19.273 19352.005 16.670 19348.966 16.670 19348.983 16.670 19348.966
19.306 19352.024 16.698 19348.981 16.698 19348.989 16.698 19348.980
19.339 19352.027 16.726 19349.004 16.726 19349.002 16.726 19349.004
19.372 19351.994 16.754 19349.025 16.754 19349.020 16.754 19349.025
19.404 19351.926 16.782 19349.035 16.782 19349.031 16.782 19349.035
19.437 19351.893 16.810 19349.024 16.810 19349.022 16.810 19349.024
19.470 19351.978 16.837 19348.982 16.837 19348.982 16.837 19348.982
19.503 19352.240 16.865 19348.921 16.865 19348.922 16.865 19348.921
19.536 19352.598 16.893 19348.889 16.893 19348.890 16.893 19348.889
19.569 19352.920 16.921 19348.936 16.921 19348.937 16.921 19348.936
19.601 19353.086 16.949 19349.109 16.949 19349.109 16.949 19349.109
19.634 19353.097 16.977 19349.389 16.977 19349.389 16.977 19349.390
19.667 19353.035 17.004 19349.698 17.004 19349.698 17.004 19349.698
19.700 19352.982 17.032 19349.955 17.032 19349.955 17.032 19349.955
19.733 19352.972 17.060 19350.088 17.060 19350.087 17.060 19350.087
19.766 19352.986 17.088 19350.107 17.088 19350.105 17.088 19350.105
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19.798 19353.003 17.116 19350.062 17.116 19350.060 17.116 19350.060
19.831 19353.008 17.144 19350.003 17.144 19350.002 17.144 19350.002
19.864 19353.005 17.171 19349.970 17.171 19349.975 17.171 19349.975
19.897 19353.000 17.199 19349.966 17.199 19349.975 17.199 19349.975
19.930 19352.998 17.227 19349.980 17.227 19349.989 17.227 19349.989
19.963 19352.998 17.255 19350.003 17.255 19350.001 17.255 19350.001
19.995 19353.000 17.283 19350.025 17.283 19350.003 17.283 19350.003
20.028 19353.000 17.311 19350.035 17.311 19349.999 17.311 19349.999
20.061 19353.000 17.338 19350.024 17.338 19349.997 17.338 19349.997
20.094 19353.000 17.366 19349.982 17.366 19350.004 17.366 19350.004
20.127 19353.000 17.394 19349.923 17.394 19350.018 17.394 19350.018
20.160 19353.000 17.422 19349.891 17.422 19350.027 17.422 19350.027
20.192 19353.000 17.450 19349.936 17.450 19350.017 17.450 19350.017
20.225 19353.000 17.477 19350.106 17.477 19349.973 17.477 19349.973
20.258 19353.000 17.505 19350.382 17.505 19349.915 17.505 19349.915
20.291 19353.000 17.533 19350.689 17.533 19349.893 17.533 19349.893
20.324 19353.000 17.561 19350.946 17.561 19349.958 17.561 19349.958
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20.357 19353.000 17.589 19351.083 17.589 19350.152 17.589 19350.152
20.389 19353.000 17.617 19351.105 17.617 19350.440 17.617 19350.440
20.422 19353.000 17.644 19351.062 17.644 19350.744 17.644 19350.744
20.455 19353.000 17.672 19351.005 17.672 19350.983 17.672 19350.983
20.488 19353.000 17.700 19350.975 17.700 19351.094 17.700 19351.094
20.521 19353.000 17.728 19350.974 17.728 19351.099 17.728 19351.099
20.554 19353.000 17.756 19350.987 17.756 19351.049 17.756 19351.049
20.586 19353.000 17.784 19351.001 17.784 19350.995 17.784 19350.995
20.619 19353.000 17.811 19351.007 17.811 19350.972 17.811 19350.972
20.652 19353.000 17.839 19351.006 17.839 19350.975 17.839 19350.975
20.685 19353.000 17.867 19351.002 17.867 19350.990 17.867 19350.990
20.718 19353.000 17.895 19350.999 17.895 19351.003 17.895 19351.003
20.751 19353.000 17.923 19350.999 17.923 19351.007 17.923 19351.007
20.783 19353.002 17.951 19351.000 17.951 19351.005 17.951 19351.005
20.816 19353.002 17.978 19351.001 17.978 19351.002 17.978 19351.002
20.849 19353.000 18.006 19350.998 18.006 19350.999 18.006 19350.999
20.882 19352.995 18.034 19350.994 18.034 19351.000 18.034 19351.000
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20.915 19352.992 18.062 19350.993 18.062 19351.001 18.062 19351.001
20.948 19352.997 18.090 19350.997 18.090 19351.001 18.090 19351.001
20.980 19353.014 18.118 19351.010 18.118 19350.998 18.118 19350.998
21.013 19353.028 18.145 19351.025 18.145 19350.994 18.145 19350.994
21.046 19353.018 18.173 19351.028 18.173 19350.993 18.173 19350.993
21.079 19352.965 18.201 19351.005 18.201 19350.999 18.201 19350.999
21.112 19352.902 18.229 19350.949 18.229 19351.013 18.229 19351.013
21.145 19352.911 18.257 19350.899 18.257 19351.027 18.257 19351.027
21.177 19353.072 18.284 19350.903 18.284 19351.026 18.284 19351.026
21.210 19353.391 18.312 19351.015 18.312 19350.996 18.312 19350.996
21.243 19353.750 18.340 19351.255 18.340 19350.939 18.340 19350.939
21.276 19354.016 18.368 19351.561 18.368 19350.896 18.368 19350.896
21.309 19354.107 18.396 19351.852 18.396 19350.919 18.396 19350.919
21.342 19354.076 18.424 19352.045 18.424 19351.058 18.424 19351.058
21.374 19354.008 18.451 19352.108 18.451 19351.318 18.451 19351.318
21.407 19353.973 18.479 19352.085 18.479 19351.625 18.479 19351.625
21.440 19353.976 18.507 19352.027 18.507 19351.900 18.507 19351.900
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21.473 19353.994 18.535 19351.982 18.535 19352.065 18.535 19352.065
21.506 19354.006 18.563 19351.971 18.563 19352.108 18.563 19352.108
21.539 19354.007 18.591 19351.980 18.591 19352.074 18.591 19352.074
21.571 19354.003 18.618 19351.996 18.618 19352.015 18.618 19352.015
21.604 19353.999 18.646 19352.006 18.646 19351.978 18.646 19351.978
21.637 19353.998 18.674 19352.008 18.674 19351.972 18.674 19351.972
21.670 19353.999 18.702 19352.005 18.702 19351.983 18.702 19351.983
21.703 19354.000 18.730 19352.000 18.730 19351.999 18.730 19351.999
21.736 19354.001 18.758 19351.998 18.758 19352.007 18.758 19352.007
21.768 19354.000 18.785 19351.998 18.785 19352.007 18.785 19352.007
21.801 19354.000 18.813 19351.999 18.813 19352.004 18.813 19352.004
21.834 19354.000 18.841 19352.000 18.841 19352.000 18.841 19352.000
21.867 19354.000 18.869 19352.001 18.869 19351.998 18.869 19351.998
21.900 19354.000 18.897 19352.001 18.897 19351.998 18.897 19351.998
21.933 19354.000 18.925 19352.000 18.925 19351.999 18.925 19351.999
21.965 19354.000 18.952 19352.000 18.952 19352.000 18.952 19352.000
21.998 19354.000 18.980 19351.999 18.980 19352.001 18.980 19352.001
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22.031 19354.000 19.008 19351.999 19.008 19352.001 19.008 19352.000
22.064 19354.000 19.036 19352.000 19.036 19352.000 19.036 19352.000
22.097 19354.000 19.064 19352.001 19.064 19352.000 19.064 19352.000
22.130 19354.000 19.091 19352.002 19.091 19351.999 19.091 19352.000
22.162 19354.000 19.119 19352.002 19.119 19351.999 19.119 19352.000
22.195 19354.000 19.147 19352.001 19.147 19352.000 19.147 19352.000
22.228 19354.000 19.175 19351.997 19.175 19352.001 19.175 19352.000
22.261 19354.000 19.203 19351.993 19.203 19352.002 19.203 19352.000
22.294 19354.000 19.231 19351.993 19.231 19352.002 19.231 19352.000
22.327 19354.000 19.258 19351.999 19.258 19352.000 19.258 19352.000
22.359 19354.000 19.286 19352.013 19.286 19351.996 19.286 19352.000
22.392 19354.000 19.314 19352.027 19.314 19351.993 19.314 19351.999
22.425 19354.000 19.342 19352.026 19.342 19351.993 19.342 19351.999
22.458 19354.000 19.370 19351.997 19.370 19352.001 19.370 19352.000
22.491 19354.000 19.398 19351.940 19.398 19352.016 19.398 19352.001
22.524 19354.000 19.425 19351.895 19.425 19352.028 19.425 19352.002
22.556 19354.000 19.453 19351.914 19.453 19352.023 19.453 19352.002
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22.589 19354.000 19.481 19352.047 19.481 19351.987 19.481 19351.999
22.622 19354.000 19.509 19352.302 19.509 19351.928 19.509 19351.995
22.655 19354.000 19.537 19352.609 19.537 19351.891 19.537 19351.992
22.688 19354.000 19.565 19352.887 19.565 19351.929 19.565 19351.995
22.721 19354.000 19.592 19353.059 19.592 19352.089 19.592 19352.006
22.753 19354.000 19.620 19353.106 19.620 19352.363 19.620 19352.022
22.786 19354.000 19.648 19353.075 19.648 19352.673 19.648 19352.028
22.819 19354.000 19.676 19353.017 19.676 19352.937 19.676 19352.012
22.852 19354.000 19.704 19352.979 19.704 19353.081 19.704 19351.964
22.885 19354.000 19.732 19352.972 19.732 19353.107 19.732 19351.908
22.918 19354.000 19.759 19352.983 19.759 19353.065 19.759 19351.896
22.950 19354.000 19.787 19352.998 19.787 19353.007 19.787 19351.979
22.983 19354.000 19.815 19353.007 19.815 19352.975 19.815 19352.191
23.016 19354.000 19.843 19353.007 19.843 19352.972 19.843 19352.487
23.049 19354.000 19.871 19353.004 19.871 19352.986 19.871 19352.786
23.082 19354.000 19.899 19353.000 19.899 19353.001 19.899 19353.009
23.115 19354.000 19.926 19352.998 19.926 19353.007 19.926 19353.101
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23.147 19354.000 19.954 19352.998 19.954 19353.007 19.954 19353.095
23.180 19354.000 19.982 19352.999 19.982 19353.003 19.982 19353.042
23.213 19354.000 20.010 19353.000 20.010 19352.999 20.010 19352.990
23.246 19354.000 20.038 19353.001 20.038 19352.998 20.038 19352.972
23.279 19354.000 20.065 19353.000 20.065 19352.998 20.065 19352.977
23.312 19354.000 20.093 19353.000 20.093 19352.999 20.093 19352.992
23.344 19354.000 20.121 19353.000 20.121 19353.000 20.121 19353.004
23.377 19354.000 20.149 19353.000 20.149 19353.001 20.149 19353.008
23.410 19354.000 20.177 19353.000 20.177 19353.000 20.177 19353.006
23.443 19354.000 20.205 19353.000 20.205 19353.000 20.205 19353.001
23.476 19354.000 20.232 19353.000 20.232 19353.000 20.232 19352.999
23.509 19354.000 20.260 19353.000 20.260 19353.000 20.260 19352.998
23.541 19354.000 20.288 19353.000 20.288 19353.000 20.288 19352.999
23.574 19354.000 20.316 19353.000 20.316 19353.000 20.316 19353.000
23.607 19354.000 20.344 19353.000 20.344 19353.000 20.344 19353.000
23.640 19354.000 20.372 19353.000 20.372 19353.000 20.372 19353.001
23.673 19354.000 20.399 19353.000 20.399 19353.000 20.399 19353.000
Continued on Next Page. . .
189
Table A.2 – Continued
3 3Π0− 3
3Π0+ 3
3Π1 3
3Π2
R(A˚) E(cm−1) R(A˚) E(cm−1) R(A˚) E(cm−1) R(A˚) E(cm−1)
23.706 19354.000 20.427 19353.000 20.427 19353.000 20.427 19353.000
23.738 19354.000 20.455 19353.000 20.455 19353.000 20.455 19353.000
23.771 19354.000 20.483 19353.000 20.483 19353.000 20.483 19353.000
23.804 19354.000 20.511 19353.000 20.511 19353.000 20.511 19353.000
23.837 19354.000 20.539 19353.000 20.539 19353.000 20.539 19353.000
23.870 19354.000 20.566 19353.000 20.566 19353.000 20.566 19353.000
23.903 19354.000 20.594 19353.000 20.594 19353.000 20.594 19353.000
23.935 19354.000 20.622 19353.000 20.622 19353.000 20.622 19353.000
23.968 19354.000 20.650 19353.000 20.650 19353.000 20.650 19353.000
24.001 19354.000 20.678 19353.000 20.678 19353.000 20.678 19353.000
24.034 19354.000 20.706 19353.000 20.706 19353.000 20.706 19353.000
24.067 19354.000 20.733 19353.000 20.733 19353.000 20.733 19353.000
24.100 19354.000 20.761 19353.000 20.761 19353.000 20.761 19353.000
24.132 19354.000 20.789 19353.000 20.789 19353.000 20.789 19353.000
24.165 19354.000 20.817 19352.999 20.817 19353.000 20.817 19353.000
24.198 19354.000 20.845 19353.000 20.845 19353.000 20.845 19353.000
24.231 19354.000 20.872 19353.001 20.872 19353.000 20.872 19353.000
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24.264 19354.000 20.900 19353.002 20.900 19353.000 20.900 19353.000
24.297 19354.000 20.928 19353.002 20.928 19353.000 20.928 19353.000
24.329 19354.000 20.956 19353.000 20.956 19353.000 20.956 19353.000
24.362 19354.000 20.984 19352.996 20.984 19353.000 20.984 19353.000
24.395 19353.999 21.012 19352.993 21.012 19353.000 21.012 19353.000
24.428 19354.000 21.039 19352.994 21.039 19353.000 21.039 19353.000
24.461 19354.000 21.067 19353.003 21.067 19353.000 21.067 19353.000
24.493 19354.002 21.095 19353.019 21.095 19353.000 21.095 19353.000
24.526 19354.002 21.123 19353.029 21.123 19352.999 21.123 19353.000
24.559 19353.999 21.151 19353.020 21.151 19353.000 21.151 19353.000
24.592 19353.994 21.179 19352.979 21.179 19353.000 21.179 19353.000
24.625 19353.992 21.206 19352.920 21.206 19353.002 21.206 19353.000
24.658 19353.999 21.234 19352.892 21.234 19353.002 21.234 19353.000
24.690 19354.017 21.262 19352.946 21.262 19353.001 21.262 19353.000
24.723 19354.028 21.290 19353.126 21.290 19352.998 21.290 19353.000
24.756 19354.012 21.318 19353.408 21.318 19352.994 21.318 19353.000
24.789 19353.952 21.346 19353.714 21.346 19352.992 21.346 19353.000
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24.822 19353.896 21.373 19353.963 21.373 19352.998 21.373 19353.000
24.855 19353.927 21.401 19354.089 21.401 19353.012 21.401 19353.000
24.887 19354.122 21.429 19354.103 21.429 19353.026 21.429 19353.000
24.920 19354.459 21.457 19354.057 21.457 19353.027 21.457 19353.000
24.953 19354.810 21.485 19354.001 21.485 19353.001 21.485 19353.000
24.986 19355.046 21.513 19353.974 21.513 19352.944 21.513 19353.000
25.019 19355.108 21.540 19353.974 21.540 19352.898 21.540 19352.999
25.052 19355.064 21.568 19353.988 21.568 19352.913 21.568 19353.000
25.084 19354.998 21.596 19354.002 21.596 19353.039 21.596 19353.000
25.117 19354.972 21.624 19354.008 21.624 19353.290 21.624 19353.001
25.150 19354.979 21.652 19354.006 21.652 19353.596 21.652 19353.002
25.183 19354.997 21.679 19354.002 21.679 19353.877 21.679 19353.001
25.216 19355.007 21.707 19353.999 21.707 19354.056 21.707 19352.998
25.249 19355.007 21.735 19353.998 21.735 19354.108 21.735 19352.994
25.281 19355.002 21.763 19353.998 21.763 19354.079 21.763 19352.992
25.314 19354.998 21.791 19354.000 21.791 19354.021 21.791 19352.996
25.347 19354.998 21.819 19354.000 21.819 19353.980 21.819 19353.009
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25.380 19354.999 21.846 19354.001 21.846 19353.971 21.846 19353.024
25.413 19355.000 21.874 19354.000 21.874 19353.982 21.874 19353.028
25.446 19355.001 21.902 19354.000 21.902 19353.997 21.902 19353.009
25.478 19355.000 21.930 19354.000 21.930 19354.006 21.930 19352.956
25.511 19355.000 21.958 19354.000 21.958 19354.007 21.958 19352.903
25.544 19355.000 21.986 19354.000 21.986 19354.004 21.986 19352.900
25.577 19355.000 22.013 19354.000 22.013 19354.000 22.013 19352.997
25.610 19355.000 22.041 19354.000 22.041 19353.998 22.041 19353.223
25.643 19355.000 22.069 19354.000 22.069 19353.998 22.069 19353.523
25.675 19355.000 22.097 19354.000 22.097 19353.999 22.097 19353.817
25.708 19355.000 22.125 19354.000 22.125 19354.000 22.125 19354.026
25.741 19355.000 22.153 19354.000 22.153 19354.001 22.153 19354.105
25.774 19355.000 22.180 19354.000 22.180 19354.001 22.180 19354.090
25.807 19355.000 22.208 19354.000 22.208 19354.000 22.208 19354.034
25.840 19355.000 22.236 19354.000 22.236 19354.000 22.236 19353.984
25.872 19355.000 22.264 19354.000 22.264 19353.999 22.264 19353.966
25.905 19355.000 22.292 19354.000 22.292 19353.999 22.292 19353.972
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25.938 19355.000 22.320 19354.000 22.320 19353.999 22.320 19353.991
25.971 19355.000 22.347 19354.000 22.347 19353.998 22.347 19354.013
26.004 19355.000 22.375 19354.000 22.375 19353.998 22.375 19354.033
26.037 19355.000 22.403 19354.000 22.403 19353.998 22.403 19354.052
26.069 19355.000 22.431 19354.000 22.431 19353.998 22.431 19354.069
26.102 19355.000 22.459 19354.000 22.459 19353.997 22.459 19354.085
26.135 19355.000 22.486 19354.000 22.486 19353.997 22.486 19354.099
26.168 19355.000 22.514 19354.000 22.514 19353.997 22.514 19354.112
26.201 19355.000 22.542 19354.000 22.542 19353.997 22.542 19354.124
26.234 19355.000 22.570 19354.000 22.570 19353.997 22.570 19354.135
26.266 19355.000 22.598 19354.000 22.598 19353.997 22.598 19354.144
26.299 19355.000 22.626 19354.000 22.626 19353.996 22.626 19354.152
26.332 19355.000 22.653 19354.000 22.653 19353.996 22.653 19354.158
26.365 19355.000 22.681 19354.000 22.681 19353.996 22.681 19354.164
26.398 19355.000 22.709 19354.000 22.709 19353.996 22.709 19354.169
26.431 19355.000 22.737 19354.000 22.737 19353.996 22.737 19354.172
26.463 19355.000 22.765 19354.000 22.765 19353.996 22.765 19354.175
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26.496 19355.000 22.793 19354.000 22.793 19353.996 22.793 19354.177
26.529 19355.000 22.820 19354.000 22.820 19353.996 22.820 19354.178
26.562 19355.000 22.848 19354.000 22.848 19353.996 22.848 19354.178
26.595 19355.000 22.876 19354.000 22.876 19353.996 22.876 19354.177
26.628 19355.000 22.904 19354.000 22.904 19353.996 22.904 19354.175
26.660 19355.000 22.932 19354.000 22.932 19353.996 22.932 19354.173
26.693 19355.000 22.960 19354.000 22.960 19353.997 22.960 19354.170
26.726 19355.000 22.987 19354.000 22.987 19353.997 22.987 19354.167
26.759 19355.000 23.015 19354.000 23.015 19353.997 23.015 19354.163
26.792 19355.000 23.043 19354.000 23.043 19353.997 23.043 19354.158
26.825 19355.000 23.071 19354.000 23.071 19353.997 23.071 19354.153
26.857 19355.000 23.099 19354.000 23.099 19353.997 23.099 19354.147
26.890 19355.000 23.127 19354.000 23.127 19353.997 23.127 19354.142
26.923 19355.000 23.154 19354.000 23.154 19353.997 23.154 19354.135
26.956 19355.000 23.182 19354.000 23.182 19353.997 23.182 19354.129
26.989 19355.000 23.210 19354.000 23.210 19353.998 23.210 19354.122
27.022 19355.000 23.238 19354.000 23.238 19353.998 23.238 19354.115
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27.054 19355.000 23.266 19354.000 23.266 19353.998 23.266 19354.108
27.087 19355.000 23.293 19354.000 23.293 19353.998 23.293 19354.101
27.120 19355.000 23.321 19354.000 23.321 19353.998 23.321 19354.093
27.153 19355.000 23.349 19354.000 23.349 19353.998 23.349 19354.086
27.186 19355.000 23.377 19354.000 23.377 19353.998 23.377 19354.078
27.219 19355.000 23.405 19354.000 23.405 19353.999 23.405 19354.071
27.251 19355.000 23.433 19354.000 23.433 19353.999 23.433 19354.064
27.284 19355.000 23.460 19354.000 23.460 19353.999 23.460 19354.057
27.317 19355.000 23.488 19354.000 23.488 19353.999 23.488 19354.050
27.350 19355.000 23.516 19354.000 23.516 19353.999 23.516 19354.044
27.383 19355.000 23.544 19354.000 23.544 19353.999 23.544 19354.037
27.416 19355.000 23.572 19354.000 23.572 19353.999 23.572 19354.031
27.448 19355.000 23.600 19354.000 23.600 19353.999 23.600 19354.026
27.481 19355.000 23.627 19354.000 23.627 19354.000 23.627 19354.020
27.514 19355.000 23.655 19354.000 23.655 19354.000 23.655 19354.016
27.547 19355.000 23.683 19354.000 23.683 19354.000 23.683 19354.012
27.580 19355.000 23.711 19354.000 23.711 19354.000 23.711 19354.008
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27.613 19355.000 23.739 19354.000 23.739 19354.000 23.739 19354.005
27.645 19355.000 23.767 19354.000 23.767 19354.000 23.767 19354.002
27.678 19355.000 23.794 19354.000 23.794 19354.000 23.794 19354.001
27.711 19355.000 23.822 19354.000 23.822 19354.000 23.822 19354.000
27.744 19355.000 23.850 19354.000 23.850 19354.000 23.850 19353.999
27.777 19355.000 23.878 19354.000 23.878 19354.000 23.878 19354.000
27.810 19355.000 23.906 19354.000 23.906 19354.000 23.906 19354.000
27.842 19355.000 23.934 19354.000 23.934 19354.000 23.934 19354.000
27.875 19355.000 23.961 19354.000 23.961 19354.000 23.961 19354.000
27.908 19355.000 23.989 19354.000 23.989 19354.000 23.989 19354.000
27.941 19355.000 24.017 19354.000 24.017 19354.000 24.017 19354.000
27.974 19355.000 24.045 19354.000 24.045 19354.000 24.045 19354.000
28.007 19355.000 24.073 19354.000 24.073 19354.000 24.073 19354.000
28.039 19355.000 24.101 19354.000 24.101 19354.000 24.101 19354.000
28.072 19355.000 24.128 19354.000 24.128 19354.000 24.128 19354.000
28.105 19355.000 24.156 19354.000 24.156 19354.000 24.156 19354.000
28.138 19355.000 24.184 19354.000 24.184 19354.000 24.184 19354.000
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28.171 19355.000 24.212 19354.000 24.212 19354.000 24.212 19354.000
28.204 19355.000 24.240 19354.000 24.240 19354.000 24.240 19354.000
28.236 19355.000 24.267 19354.000 24.267 19354.000 24.267 19354.000
28.269 19355.000 24.295 19354.000 24.295 19354.000 24.295 19354.000
28.302 19355.000 24.323 19354.000 24.323 19354.000 24.323 19354.000
28.335 19355.000 24.351 19354.000 24.351 19354.000 24.351 19354.000
28.368 19355.000 24.379 19354.000 24.379 19354.000 24.379 19354.000
28.401 19355.000 24.407 19353.999 24.407 19354.000 24.407 19354.000
28.433 19355.000 24.434 19354.000 24.434 19354.000 24.434 19354.000
28.466 19355.000 24.462 19354.001 24.462 19354.000 24.462 19354.000
28.499 19355.000 24.490 19354.002 24.490 19354.000 24.490 19354.000
28.532 19355.000 24.518 19354.002 24.518 19354.000 24.518 19354.000
28.565 19355.000 24.546 19354.001 24.546 19354.000 24.546 19354.000
28.598 19355.000 24.574 19353.997 24.574 19354.000 24.574 19354.000
28.630 19355.000 24.601 19353.993 24.601 19354.000 24.601 19354.000
28.663 19355.000 24.629 19353.993 24.629 19354.000 24.629 19354.000
28.696 19355.000 24.657 19353.999 24.657 19354.000 24.657 19354.000
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28.729 19355.000 24.685 19354.013 24.685 19354.000 24.685 19354.000
28.762 19355.000 24.713 19354.027 24.713 19354.000 24.713 19354.000
28.795 19355.000 24.741 19354.025 24.741 19354.000 24.741 19354.000
28.827 19355.000 24.768 19353.994 24.768 19354.000 24.768 19354.000
28.860 19355.000 24.796 19353.936 24.796 19354.000 24.796 19354.000
28.893 19355.000 24.824 19353.894 24.824 19354.000 24.824 19354.000
28.926 19355.000 24.852 19353.919 24.852 19354.000 24.852 19354.000
28.959 19355.000 24.880 19354.059 24.880 19354.000 24.880 19354.000
28.992 19355.000 24.908 19354.319 24.908 19354.000 24.908 19354.000
29.024 19355.000 24.935 19354.626 24.935 19354.000 24.935 19354.000
29.057 19355.000 24.963 19354.900 24.963 19354.000 24.963 19354.000
29.090 19355.000 24.991 19355.066 24.991 19354.000 24.991 19354.000
29.123 19355.000 25.019 19355.108 25.019 19354.000 25.019 19354.000
29.156 19355.000 25.047 19355.074 25.047 19354.000 25.047 19354.000
29.189 19355.000 25.074 19355.015 25.074 19354.000 25.074 19354.000
29.221 19355.000 25.102 19354.978 25.102 19354.000 25.102 19354.000
29.254 19355.000 25.130 19354.972 25.130 19354.000 25.130 19354.000
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29.287 19355.000 25.158 19354.983 25.158 19354.000 25.158 19354.000
29.320 19355.000 25.186 19354.999 25.186 19354.001 25.186 19354.000
29.353 19355.000 25.214 19355.007 25.214 19354.001 25.214 19354.000
29.386 19355.000 25.241 19355.007 25.241 19354.001 25.241 19354.000
29.418 19355.000 25.269 19355.004 25.269 19354.001 25.269 19354.000
29.451 19355.000 25.297 19355.000 25.297 19354.002 25.297 19354.000
29.484 19355.000 25.325 19354.998 25.325 19354.001 25.325 19354.000
29.517 19355.000 25.353 19354.998 25.353 19354.001 25.353 19354.000
29.550 19355.000 25.381 19354.999 25.381 19354.001 25.381 19354.000
29.583 19355.000 25.408 19355.000 25.408 19354.000 25.408 19354.000
29.615 19355.000 25.436 19355.001 25.436 19353.999 25.436 19354.000
29.648 19355.000 25.464 19355.000 25.464 19353.997 25.464 19354.000
29.681 19355.000 25.492 19355.000 25.492 19353.996 25.492 19354.000
29.714 19355.000 25.520 19355.000 25.520 19353.995 25.520 19354.000
29.747 19355.000 25.548 19355.000 25.548 19353.994 25.548 19354.000
29.780 19355.000 25.575 19355.000 25.575 19353.994 25.575 19354.000
29.812 19355.000 25.603 19355.000 25.603 19353.995 25.603 19354.000
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29.845 19355.000 25.631 19355.000 25.631 19353.997 25.631 19354.000
29.878 19355.000 25.659 19355.000 25.659 19353.999 25.659 19354.000
29.911 19355.000 25.687 19355.000 25.687 19354.003 25.687 19354.000
29.944 19355.000 25.715 19355.000 25.715 19354.008 25.715 19354.000
29.977 19355.000 25.742 19355.000 25.742 19354.013 25.742 19354.000
30.009 19355.000 25.770 19355.000 25.770 19354.017 25.770 19354.000
30.042 19355.000 25.798 19355.000 25.798 19354.020 25.798 19354.000
30.075 19355.000 25.826 19355.000 25.826 19354.022 25.826 19354.000
30.108 19355.000 25.854 19355.000 25.854 19354.021 25.854 19354.000
30.141 19355.000 25.881 19355.000 25.881 19354.017 25.881 19354.000
30.174 19355.000 25.909 19355.000 25.909 19354.009 25.909 19354.000
30.206 19355.000 25.937 19355.000 25.937 19353.996 25.937 19354.000
30.239 19355.000 25.965 19355.000 25.965 19353.980 25.965 19354.000
30.272 19355.000 25.993 19355.000 25.993 19353.962 25.993 19354.000
30.305 19355.000 26.021 19355.000 26.021 19353.944 26.021 19354.000
30.338 19355.000 26.048 19355.000 26.048 19353.929 26.048 19354.000
30.371 19355.000 26.076 19355.000 26.076 19353.920 26.076 19354.000
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30.403 19355.000 26.104 19355.000 26.104 19353.919 26.104 19354.000
30.436 19355.000 26.132 19355.000 26.132 19353.929 26.132 19354.000
30.469 19355.000 26.160 19355.000 26.160 19353.951 26.160 19354.000
30.502 19355.000 26.188 19355.000 26.188 19353.989 26.188 19354.000
30.535 19355.000 26.215 19355.000 26.215 19354.044 26.215 19354.000
30.568 19355.000 26.243 19355.000 26.243 19354.116 26.243 19354.000
30.600 19355.000 26.271 19355.000 26.271 19354.202 26.271 19354.000
30.633 19355.000 26.299 19355.000 26.299 19354.301 26.299 19354.000
30.666 19355.000 26.327 19355.000 26.327 19354.410 26.327 19354.000
30.699 19355.000 26.355 19355.000 26.355 19354.527 26.355 19354.000
30.732 19355.000 26.382 19355.000 26.382 19354.650 26.382 19354.000
30.765 19355.000 26.410 19355.000 26.410 19354.776 26.410 19354.000
30.797 19355.000 26.438 19355.000 26.438 19354.904 26.438 19354.000
30.830 19355.000 26.466 19355.000 26.466 19355.031 26.466 19354.000
30.863 19355.000 26.494 19355.000 26.494 19355.156 26.494 19354.001
30.896 19355.000 26.522 19355.000 26.522 19355.278 26.522 19354.002
30.929 19355.000 26.549 19355.000 26.549 19355.398 26.549 19354.004
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Table A.2 – Continued
3 3Π0− 3
3Π0+ 3
3Π1 3
3Π2
R(A˚) E(cm−1) R(A˚) E(cm−1) R(A˚) E(cm−1) R(A˚) E(cm−1)
30.962 19355.000 26.577 19355.000 26.577 19355.516 26.577 19354.006
30.994 19355.000 26.605 19355.000 26.605 19355.631 26.605 19354.008
31.027 19355.000 26.633 19355.000 26.633 19355.744 26.633 19354.011
31.060 19355.000 26.661 19355.000 26.661 19355.855 26.661 19354.014
31.093 19355.000 26.688 19355.000 26.688 19355.963 26.688 19354.018
31.126 19355.000 26.716 19355.000 26.716 19356.070 26.716 19354.022
31.159 19355.000 26.744 19355.000 26.744 19356.173 26.744 19354.026
31.191 19355.000 26.772 19355.000 26.772 19356.275 26.772 19354.030
31.224 19355.000 26.800 19355.000 26.800 19356.374 26.800 19354.035
31.257 19355.000 26.828 19355.000 26.828 19356.472 26.828 19354.041
31.290 19355.000 26.855 19355.000 26.855 19356.567 26.855 19354.046
31.323 19355.000 26.883 19355.000 26.883 19356.660 26.883 19354.052
31.356 19355.000 26.911 19355.000 26.911 19356.750 26.911 19354.059
31.388 19355.000 26.939 19355.000 26.939 19356.839 26.939 19354.065
31.421 19355.000 26.967 19355.000 26.967 19356.925 26.967 19354.072
31.454 19355.000 26.995 19355.000 26.995 19357.010 26.995 19354.079
31.487 19355.000 27.022 19355.000 27.022 19357.092 27.022 19354.087
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Table A.2 – Continued
3 3Π0− 3
3Π0+ 3
3Π1 3
3Π2
R(A˚) E(cm−1) R(A˚) E(cm−1) R(A˚) E(cm−1) R(A˚) E(cm−1)
31.520 19355.000 27.050 19355.000 27.050 19357.172 27.050 19354.095
31.553 19355.000 27.078 19355.000 27.078 19357.250 27.078 19354.103
31.585 19355.000 27.106 19355.000 27.106 19357.326 27.106 19354.111
31.618 19355.000 27.134 19355.000 27.134 19357.400 27.134 19354.120
31.651 19355.000 27.162 19355.000 27.162 19357.472 27.162 19354.129
31.684 19355.000 27.189 19355.000 27.189 19357.542 27.189 19354.138
31.717 19355.000 27.217 19355.000 27.217 19357.611 27.217 19354.147
31.750 19355.000 27.245 19355.000 27.245 19357.677 27.245 19354.157
31.782 19355.000 27.273 19355.000 27.273 19357.741 27.273 19354.167
31.815 19355.000 27.301 19355.000 27.301 19357.803 27.301 19354.177
31.848 19355.000 27.329 19355.000 27.329 19357.864 27.329 19354.187
31.881 19355.000 27.356 19355.000 27.356 19357.922 27.356 19354.198
31.914 19355.000 27.384 19355.000 27.384 19357.979 27.384 19354.209
31.947 19355.000 27.412 19355.000 27.412 19358.034 27.412 19354.219
31.979 19355.000 27.440 19355.000 27.440 19358.086 27.440 19354.231
32.012 19355.000 27.468 19355.000 27.468 19358.138 27.468 19354.242
32.045 19355.000 27.495 19355.000 27.495 19358.187 27.495 19354.253
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Table A.2 – Continued
3 3Π0− 3
3Π0+ 3
3Π1 3
3Π2
R(A˚) E(cm−1) R(A˚) E(cm−1) R(A˚) E(cm−1) R(A˚) E(cm−1)
32.078 19355.000 27.523 19355.000 27.523 19358.234 27.523 19354.265
32.111 19355.000 27.551 19355.000 27.551 19358.280 27.551 19354.277
32.144 19355.000 27.579 19355.000 27.579 19358.324 27.579 19354.289
32.176 19355.000 27.607 19355.000 27.607 19358.366 27.607 19354.301
32.209 19355.000 27.635 19355.000 27.635 19358.407 27.635 19354.313
32.242 19355.000 27.662 19355.000 27.662 19358.446 27.662 19354.326
32.275 19355.000 27.690 19355.000 27.690 19358.483 27.690 19354.338
32.308 19355.000 27.718 19355.000 27.718 19358.519 27.718 19354.351
32.341 19355.000 27.746 19355.000 27.746 19358.552 27.746 19354.364
32.373 19355.000 27.774 19355.000 27.774 19358.585 27.774 19354.377
32.406 19355.000 27.802 19355.000 27.802 19358.615 27.802 19354.390
32.439 19355.000 27.829 19355.000 27.829 19358.644 27.829 19354.403
32.472 19355.000 27.857 19355.000 27.857 19358.672 27.857 19354.416
32.505 19355.000 27.885 19355.000 27.885 19358.697 27.885 19354.430
32.538 19355.000 27.913 19355.000 27.913 19358.722 27.913 19354.443
32.570 19355.000 27.941 19355.000 27.941 19358.745 27.941 19354.457
32.603 19355.000 27.969 19355.000 27.969 19358.766 27.969 19354.470
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Table A.2 – Continued
3 3Π0− 3
3Π0+ 3
3Π1 3
3Π2
R(A˚) E(cm−1) R(A˚) E(cm−1) R(A˚) E(cm−1) R(A˚) E(cm−1)
32.636 19355.000 27.996 19355.000 27.996 19358.786 27.996 19354.484
32.669 19355.000 28.024 19355.000 28.024 19358.804 28.024 19354.498
32.702 19355.000 28.052 19355.000 28.052 19358.821 28.052 19354.511
32.735 19355.000 28.080 19355.000 28.080 19358.836 28.080 19354.525
32.767 19355.000 28.108 19355.000 28.108 19358.850 28.108 19354.539
32.800 19355.000 28.136 19355.000 28.136 19358.862 28.136 19354.553
32.833 19355.000 28.163 19355.000 28.163 19358.873 28.163 19354.567
32.866 19355.000 28.191 19355.000 28.191 19358.883 28.191 19354.580
32.899 19355.000 28.219 19355.000 28.219 19358.891 28.219 19354.594
32.932 19355.000 28.247 19355.000 28.247 19358.898 28.247 19354.608
32.964 19355.000 28.275 19355.000 28.275 19358.904 28.275 19354.622
32.997 19355.000 28.303 19355.000 28.303 19358.908 28.303 19354.636
33.030 19355.000 28.330 19355.000 28.330 19358.911 28.330 19354.650
33.063 19355.000 28.358 19355.000 28.358 19358.913 28.358 19354.663
33.096 19355.000 28.386 19355.000 28.386 19358.914 28.386 19354.677
33.129 19355.000 28.414 19355.000 28.414 19358.913 28.414 19354.691
33.161 19355.000 28.442 19355.000 28.442 19358.911 28.442 19354.705
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Table A.2 – Continued
3 3Π0− 3
3Π0+ 3
3Π1 3
3Π2
R(A˚) E(cm−1) R(A˚) E(cm−1) R(A˚) E(cm−1) R(A˚) E(cm−1)
33.194 19355.000 28.469 19355.000 28.469 19358.908 28.469 19354.718
33.227 19355.000 28.497 19355.000 28.497 19358.903 28.497 19354.732
33.260 19355.000 28.525 19355.000 28.525 19358.898 28.525 19354.745
33.293 19355.000 28.553 19355.000 28.553 19358.891 28.553 19354.759
33.326 19355.000 28.581 19355.000 28.581 19358.883 28.581 19354.772
33.358 19355.000 28.609 19355.000 28.609 19358.874 28.609 19354.785
33.391 19355.000 28.636 19355.000 28.636 19358.864 28.636 19354.799
33.424 19355.000 28.664 19355.000 28.664 19358.852 28.664 19354.812
33.457 19355.000 28.692 19355.000 28.692 19358.840 28.692 19354.825
33.490 19355.000 28.720 19355.000 28.720 19358.827 28.720 19354.837
33.523 19355.000 28.748 19355.000 28.748 19358.812 28.748 19354.850
33.555 19355.000 28.776 19355.000 28.776 19358.797 28.776 19354.863
33.588 19355.000 28.803 19355.000 28.803 19358.780 28.803 19354.875
33.621 19355.000 28.831 19355.000 28.831 19358.763 28.831 19354.888
33.654 19355.000 28.859 19355.000 28.859 19358.744 28.859 19354.900
33.687 19355.000 28.887 19355.000 28.887 19358.725 28.887 19354.912
33.720 19355.000 28.915 19355.000 28.915 19358.704 28.915 19354.924
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Table A.2 – Continued
3 3Π0− 3
3Π0+ 3
3Π1 3
3Π2
R(A˚) E(cm−1) R(A˚) E(cm−1) R(A˚) E(cm−1) R(A˚) E(cm−1)
33.752 19355.000 28.943 19355.000 28.943 19358.683 28.943 19354.935
33.785 19355.000 28.970 19355.000 28.970 19358.661 28.970 19354.947
33.818 19355.000 28.998 19355.000 28.998 19358.637 28.998 19354.958
33.851 19355.000 29.026 19355.000 29.026 19358.613 29.026 19354.969
33.884 19355.000 29.054 19355.000 29.054 19358.589 29.054 19354.980
33.917 19355.000 29.082 19355.000 29.082 19358.563 29.082 19354.991
33.949 19355.000 29.110 19355.000 29.110 19358.536 29.110 19355.002
33.982 19355.000 29.137 19355.000 29.137 19358.509 29.137 19355.012
34.015 19355.000 29.165 19355.000 29.165 19358.481 29.165 19355.022
34.048 19355.000 29.193 19355.000 29.193 19358.452 29.193 19355.032
34.081 19355.000 29.221 19355.000 29.221 19358.422 29.221 19355.042
34.114 19355.000 29.249 19355.000 29.249 19358.391 29.249 19355.051
34.146 19355.000 29.276 19355.000 29.276 19358.360 29.276 19355.060
34.179 19355.000 29.304 19355.000 29.304 19358.328 29.304 19355.069
34.212 19355.000 29.332 19355.000 29.332 19358.296 29.332 19355.078
34.245 19355.000 29.360 19355.000 29.360 19358.262 29.360 19355.086
34.278 19355.000 29.388 19355.000 29.388 19358.228 29.388 19355.094
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Table A.2 – Continued
3 3Π0− 3
3Π0+ 3
3Π1 3
3Π2
R(A˚) E(cm−1) R(A˚) E(cm−1) R(A˚) E(cm−1) R(A˚) E(cm−1)
34.311 19355.000 29.416 19355.000 29.416 19358.194 29.416 19355.102
34.343 19355.000 29.443 19355.000 29.443 19358.158 29.443 19355.110
34.376 19355.000 29.471 19355.000 29.471 19358.123 29.471 19355.117
34.409 19355.000 29.499 19355.000 29.499 19358.086 29.499 19355.124
34.442 19355.000 29.527 19355.000 29.527 19358.049 29.527 19355.131
34.475 19355.000 29.555 19355.000 29.555 19358.012 29.555 19355.137
34.508 19355.000 29.583 19355.000 29.583 19357.973 29.583 19355.143
34.540 19355.000 29.610 19355.000 29.610 19357.935 29.610 19355.149
34.573 19355.000 29.638 19355.000 29.638 19357.896 29.638 19355.154
34.606 19355.000 29.666 19355.000 29.666 19357.856 29.666 19355.159
34.639 19355.000 29.694 19355.000 29.694 19357.816 29.694 19355.164
34.672 19355.000 29.722 19355.000 29.722 19357.775 29.722 19355.168
34.705 19355.000 29.750 19355.000 29.750 19357.734 29.750 19355.172
34.737 19355.000 29.777 19355.000 29.777 19357.692 29.777 19355.176
34.770 19355.000 29.805 19355.000 29.805 19357.651 29.805 19355.179
34.803 19355.000 29.833 19355.000 29.833 19357.608 29.833 19355.182
34.836 19355.000 29.861 19355.000 29.861 19357.566 29.861 19355.185
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Table A.2 – Continued
3 3Π0− 3
3Π0+ 3
3Π1 3
3Π2
R(A˚) E(cm−1) R(A˚) E(cm−1) R(A˚) E(cm−1) R(A˚) E(cm−1)
34.869 19355.000 29.889 19355.000 29.889 19357.522 29.889 19355.187
34.902 19355.000 29.917 19355.000 29.917 19357.479 29.917 19355.189
34.934 19355.000 29.944 19355.000 29.944 19357.435 29.944 19355.190
34.967 19355.000 29.972 19355.000 29.972 19357.391 29.972 19355.191
35.000 19355.000 30.000 19355.000 30.000 19357.347 30.000 19355.191
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